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While transdermal drug delivery offers numerous advantages, the morphology of 

skin limits its scope to a narrow range of drugs (potent, log P between 1-3, with a 

molecular weight <500 Da) that can be delivered at therapeutically relevant flux. 

Cosmetic techniques such as non-ablative fractional lasers, microdermabrasion and 

microneedle treatment can intervene to reversibly compromise the integrity of the skin 

making skin more permeable to hydrophilic compounds that have otherwise limited 

dermal diffusion. The first half of our aims focus on the novel use of these cosmetic 

techniques to enhance the transdermal permeation of small molecular drugs. All in vitro 

permeation studies were performed using vertical Franz diffusion cell which essentially 

consists of donor compartment where the drug formulation is added, a receptor 

compartment that holds phosphate buffer saline, and human dermatomed skin clamped 

between the two compartments. High Performance Liquid Chromatography was used to 

quantitate all drugs analyzes in our work. The average cumulative amount of drug that 

permeated through untreated skin (control/passive) resulted in transdermal delivery of 

 

xvii 



 

 

 

72.61 ± 50.35 μg/cm2 and 22.80 ± 0.64 μg/cm2 of diclofenac sodium and sumatriptan 

succinate, respectively. Laser pre-treatment of skin significantly increased (p<0.005) 

delivery of diclofenac sodium to 575.66 ± 207.18 μg/cm2 and sumatriptan succinate to 

498.32 ± 97.54 μg/cm2. In case of microdermabrasion and microneedle pretreatment 

studies, the transdermal delivery of sumatriptan succinate increased from 6.45 ± 0.17 

μg/sq.cm and 21.16 ± 2.90 μg/sq.cm to 116.08 ± 70.88 μg/sq.cm and 512.07 ± 

89.76μg/sq.cm in 24 hours, respectively. Results of our studies demonstrate significant 

enhancement of in vitro transdermal permeation of small molecular weight drugs over 

human dermatomed skin when pre-treated with the cosmetic technique (non-ablative 

fractional laser, microdermabrasion and microneedle) in comparison to passive (without 

application of any cosmetic technique) permeation. Visual characterization studies 

(histological staining, dye binding studies, proscope imaging, scanning electron 

microscopy) of skin validate the mechanisms underlying the techniques. 

The second half of our studies focused on the development of transdermal gel 

formulation and drug-in-adhesive matrix type patch of 4-benzylpiperidine for cocaine use 

disorder and attention deficit hyperactivity disorder. 4-benzylpiperidine is a substitute 

agonist for cocaine use disorder with a short duration of action and hence can benefit 

from sustaining its duration of action and this can be achieved by a transdermal 

formulation. Our studies incorporated the drug into a transdermal hydroxy propyl 

cellulose based gel formulation and provided sustained release of the drug over 24 hours. 

Gels were formulated with varying amount of gelling agent and subjected to rheological 
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analysis. Franz cells were used to investigate the in vitro permeation and high 

performance liquid chromatography was used to quantitate the drug. Transdermal 

permeation of 4-benzylpiperidine from propylene glycol solution (1, 10, 20 and 50 

mg/ml) corresponded to 16% to 31% delivery (49.45  11.60, 258.47  48.50, 600.26  

74.18, 1945.20  405.59 g/cm2). The average cumulative amount of drug delivered from 

gel formulation was 1824.90 ± 425.12 µg/cm2. Thixotropic test demonstrated 2% 

hydroxyl propyl cellulose based gel to have the highest structure recovery ratio. The 

calculated theoretical permeability coefficient and theoretical flux value (32.637 

ug/cm2/h) predicted high percutaneous absorption. This was further validated by the 

experimentally determined permeability coefficients and flux values (62.73 ± 12.14 

ug/cm2/h), demonstrating proficient transdermal delivery of 4-benzylpiperidine. 

Literature demonstrates correlation between cocaine use disorder treatment and 

pharmacotherapy of attention deficit hyperactivity disorder. While gels can provide 

sustained release of the drug, drug release from a patch can be controlled better and it is 

harder to extract drug from a patch for abuse. Hence, further studies aimed at developing 

a drug-in-adhesive matrix type patch of 4-benzylpiperdine to treat attention deficit 

hyperactivity disorder. Several common adhesives, backing membranes and release liner 

were analyzed to develop patches. Among the patches developed, polyisobutylene 

adhesive based patch with higher drug concentration exhibited superior transdermal 

permeation (1608.5 53.4 µg/cm2 over 48 hrs). In the last aim, we evaluated the 

deactivation efficiency of an activated carbon based drug disposal system. Food and Drug 

xix 



 

 

 
Administration has protocols in place for drug disposal but these protocols do not 

deactivate the drug and therefore the drug can pose a risk to contaminate water systems 

or can be abused by extraction. The deactivation efficiency of a disposal system was 

analyzed by employing an immediate release (meperidine HCl) and controlled release 

(oxycodone HCl) opioid drug dosage forms of high abuse potential. The deactivation 

efficiency of the system was tested by collecting samples at different time points up to 28 

days. High performance liquid chromatography was used to quantitate the drugs. At the 

end of the 28-day study, 100 % of both the drugs were deactivated. In the desorption 

study, no drug leached out from the activated carbon in larger volume of water and less 

than 1.4 % leached out on extraction with ethanol. 
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CHAPTER 1 

INTRODUCTION 

The outermost 20 microns of skin, the stratum corneum (SC), primarily is 

responsible for the skin’s barrier function. This morphologically unique layer is the least 

permeable of skin layers and provides the only continuous diffusion pathway for 

molecules from the skin surface to the base of the SC. The highly convoluted architecture 

of staggered corneocytes in a lipid continuum makes the diffusion pathway of SC 1000- 

times less permeable to water relative to most other biomembranes (1). Transdermal drug 

delivery is a non-invasive technique that offers numerous advantages such as bypassing 

first pass metabolism, avoiding gastric irritation, provides large surface area for 

absorption and controlled sustained drug release. Despite these benefits, transdermal 

delivery remains challenging owing to the narrow range of drugs that can be delivered at 

therapeutic flux. The advances in transdermal delivery depend on the ability to overcome 

the permeability barrier of skin, thereby widening the scope of drugs delivered. Cosmetic 

techniques such as non-ablative lasers, microdermabrasion and microneedle treatment 

can compromise the skin’s barrier function making skin more permeable to hydrophilic 

compounds. Our research in part focuses on the use of these cosmetic techniques to 

enhance the transdermal permeation of small molecular drugs. 

Lasers emit narrow, high-intensity monochromatic light of discrete wavelength 

that interacts with specific chromophores such as melanin, water, hemoglobin, or tattoo 
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ink in the skin to produce precise tissue destruction of a few micrometers in depth, 

resulting in clinical benefits with reduced adverse effects. When a chromophore in the 

skin absorbs the corresponding wavelength of energy, the energy is converted into heat 

causing thermal destruction of the target site known as photothermal effect. Lasers are 

routinely used in dermatology for treatment of pigmentation, hair growth, photo-aging, 

scarring, and skin rejuvenation. Lasers can be categorized as ablative lasers, fractional 

ablative laser and non-ablative fractional lasers. Ablative laser technology works by 

generating thermal injury that essentially vaporizes the water in skin to create 

microscopic vertical channels in the epidermis that serve as open channels into which 

topically applied drugs can migrate down to the dermis and then into the systemic 

circulation. The technique comes with undesired residual thermal effects and longer 

recovery times in comparison to the non-ablative fractional laser (NBFXL) technology. 

Fractional ablative lasers were introduced as an alternative to full ablative lasers to 

reduce the thermal side effects of full ablative lasers. Fractional ablative lasers use 

fractional photothermolysis to create microscopic treatment zones (MTZs). These MTZs 

are zones of ablation that penetrate the stratum corneum and extend into the epidermis 

and dermis. Previous literature has explored the use of ablative lasers and fractional 

ablative lasers to enhance drug delivery but clinical use of these lasers for drug delivery 

is limited. Non-ablative fractional lasers (NBFXL) were introduced to further reduce 

thermal side effects and downtime by using controlled dermal heating without significant 

structural damage of the superficial layers. In this technique, heat is generated within the 
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dermal connective tissue without necessarily removing the overlying skin surface in 

contrast to ablative techniques. Previous literature has confirmed the therapeutic efficacy 

of NBFXL in acne scars, burn scars, and skin rejuvenation but only one previous study 

has demonstrated its use to enhance drug penetration. Our study is the first of its kind that 

employs a 1410 nm NBFXL technique to enhance drug delivery of two model drugs, 

namely diclofenac sodium and sumatriptan succinate. Sumatriptan succinate is the most 

commonly prescribed selective serotonin receptor agonist to alleviate symptoms of 

migraine headaches. Diclofenac sodium is an over-the-counter non-steroidal anti- 

inflammatory agent commonly used to allay mild to moderate pain including pain 

associated with migraine headaches. The two drugs have a variety of formulations 

ranging from gels, ointments, tablets, capsules, patches, suppositories, injections, and 

nasal sprays. However, each formulation is not without limitations. Transdermal route of 

drug delivery is a good alternative to overcome the limitations of conventional routes, but 

it is limited by low skin permeability of the SC. The goal of this study was to use  

NBFXL to enhance transdermal drug delivery of sumatriptan succinate and diclofenac 

sodium, thereby addressing the limitations of existing conventional formulations. The 

objective of the study was further extended to visually confirm and characterize the 

effects of NBFXL on skin (2). These characterization studies validate the mechanisms 

underlying NBFXL and further support the mechanisms that result in enhanced 

transdermal drug delivery. 
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While non-ablative laser techniques provided considerable enhancement in 

transdermal permeation, we further investigated the effect of microdermabrasion and 

microneedle treatment on transdermal permeation of sumatriptan succinate. 

Microdermabrasion is one of the top five skin rejuvenation procedures used in 

dermatological clinics dating back to the mid 1990s. Use of microneedles for skin 

rejuvenation is a much newer alternative that is rapidly gaining popularity because of its 

many benefits (3). The objective of this study was to evaluate the ability of both the skin 

resurfacing cosmetic modalities, to enhance the in vitro skin permeation of a hydrophilic 

compound. As previously discussed, the stratum corenum (SC) forms the skin’s 

protective layer and is the rate limiting layer for dermal drug diffusion. Both techniques 

alter the skin’s barrier function by stripping the SC in a controlled manner thereby 

reducing skin’s impedance and increasing permeability to molecules that have otherwise 

limited transdermal diffusion. While SC is altered in both approaches, microneedle 

treatment pierces stratum corneum to form microchannels whereas microdermabrasion 

peels the SC partially or entirely. Subsequently, the drug formulation applied on the 

treated skin can now diffuse though the microchannels or through disrupted stratum 

corneum into the lower layers of skin and reach the systemic circulation (4). As 

mentioned earlier, the convectional delivery of sumatriptan succinate has some 

limitations and can benefit from transdermal delivery. The hydrophilicity of the drug 

limits its dermal permeability; hence in our study we investigate the use of the 

microdermabrasion and microneedle treatment to significantly enhance its dermal 
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diffusion and thereby providing an alternative route to overcome some of the limitation 

of conventional dosage forms. 

In addition to investigating cosmetic techniques to enhance drug delivery, our 

research included the development and evaluation of a transdermal gel formulation and 

drug-in-adhesive matrix transdermal patch to treat cocaine use disorder and attention 

deficient disorder. Cocaine-use disorder is a significant public health problem, with 1.5 

million Americans reporting current cocaine use in 2014 (5). Currently, there are no 

FDA-approved pharmacotherapies to treat cocaine-use disorder (6-8). Previous attempts 

to develop a medication for cocaine-use disorder have focused largely on substitute 

agonist approaches. Substitute agonist therapies mimic key aspects of the abused drug to 

reduce craving and withdrawal and promote abstinence. Strengths of this approach 

include the clinical success of these agents, better compliance, reduced withdrawal and 

craving, and excellent efficacy profiles in preclinical models. Weaknesses include the 

risk of toxic drug interactions during relapse and diversion for abuse (9). These 

weaknesses of conventional dosage forms can be mitigated through transdermal 

formulation of the substitute agonist as this formulation 1) provides slow and sustained 

drug delivery, 2) self-administration, 3) less frequent dosing leading to better compliance, 

 

4) provides greater bioavailability in comparison to oral route by bypassing first pass 

metabolism, 5) avoids gastrointestinal irritation and associated side effects, and 6) 

because patch formulations are abuse deterrent in that it is more time consuming and 

difficult to extract drug from a patch than a pill or liquid dosage form and the use of 
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patches can be more easily monitored than the use of pills or liquid dosage forms among 

other reasons (10,11). 

4-benzylpiperidine is a henethylamine substrate which releases 

dopamine/norepinephrine (DA/NE). Of all the targets for cocaine-use disorder that have 

been identified, substitute agonists that function as substrate based DA/NE releasers have 

demonstrated the most promising efficacy in preclinical models and double blind placebo 

controlled clinical trials (12, 13). Researchers have previously demonstrated the efficacy 

of DA/NE selective substrate-based releasers to decrease cocaine vs. food choice in 

nonhuman primates (14-18). 4-benzylpiperidine has shown to be effective in preclinical 

models as a substitute agonist for cocaine use disorder but has a rapid onset of action, 

producing its peak effects within 10 min of administration, and a short duration of action 

of 10 to 30 min (16). Since the value of an agonist medication lies in its ability to target 

pharmacological receptors to produce effects for a long duration of time and reducing 

cravings for cocaine consumption while ensuring lower toxicity than produced by 

cocaine use, it is important to increase the duration of action of 4-benzylpiperdine. This 

can be achieved by incorporating the drug in a transdermal formulation. Consequently in 

our study, we investigated the transdermal permeation of 4-benzylpiperidine from a 

propylene glycol solution, then proceeded to develop and evaluate a transdermal gel 

formulation and transdermal drug in adhesive matrix type patch of the same. 

While cocaine addiction and abuse is a major public health problem, this issue of 

drug abuse goes beyond the 1.5 million abusing cocaine to an over 7 million people 
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misusing/abusing prescription drugs every month (5,18). Although the FDA has protocols 

in place for proper disposal to prevent misuse, these disposal procedures cannot 

deactivate the opioids and the drugs can still be extracted to be misused (19). It is 

important to find an efficient way to effectively deactivate these prescription opioids of 

high abuse potential to prevent any further misuse. Consequently, our research includes 

studies to examine the effectiveness and robustness of an activated charcoal drug disposal 

system. Our studies aim at assessing the disposal system to deactivate meperidine HCL 

immediate release opioid and oxycodone extended release tablets and further ensure the 

opioids cannot be released from disposal system into a landfill situation. Both the opioids 

analyzed in our studies are controlled substances known to be of high abuse potential. A 

controlled substance is a drug whose possession and use requires a precipitation and is 

controlled by law. These drugs have immediate desirable effects that either slow down or 

speed up the nervous system which have the potential for both abuse and addiction. 

Opioids are a category of controlled substances used to treat pain but possess high misuse 

potential hence it is vital to test the ability of the drug disposal system to deactivate such 

medications to prevent any potential misuse (18). 
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CHAPTER 2 

LITERATURE REVIEW 

Structure of skin barrier 
 

Skin is the largest liaison between the human body and the external environment, 

therefore one of its most crucial functions is to govern what enters and leaves the body. 

Skin is not the primary means of regulated entry into the body hence is designed to allow 

very little to enter and similarly must prevent excessive loss of water and other bodily 

constituents. The skin’s exceptional barrier properties are largely attributed to the 

structure of the stratum corneum, which represents the thin outer most layer of the 

epidermis. Skin is essentially comprised of three layers, the outer epidermis, the inner 

dermis and the subdermal tissue with a basement membrane separating the epidermis and 

dermis and the dermis layer connected with the subcutaneous layer of fat. The epidermis 

is further differentiated into the stratum corneum and the viable epidermis (comprised of 

stratum basale, stratum spinosum, stratum granulosum, and stratum lucidum). The 

stratum corneum can be best visually described as a “bricks and mortar” structure with 

the bricks representing the corneocytes and hydrophobic lipids as mortar. The lipids are 

sequestered within the extracellular spaces, where this lipid-enriched matrix is organized 

into lamellar membranes that surround the corneocytes. Human stratum corneum is 

typically comprised of about 20 corneocyte cell layers, which differ in their thickness, 
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packing of keratin filaments, filaggrin content, and number of corneodesmosomes, based 

on the body site. Corneocytes are surrounded by a highly cross-linked, resilient sheath, 

the cornified envelope, while the cell interior is packed with keratin filaments embedded 

and its breakdown products. Consequently, rather than stratum corneum thickness, the 

number of lamellar membranes, membrane structure, and/or lipid composition provide 

the structural and biochemical basis in skin permeability. The low permeability of the 

stratum corneum to water-soluble drugs can be attributed to the lipid-enriched 

extracellular matrix including its organization into a highly convoluted and tortuous 

extracellular pathway imposed by the geometrically aligned corneocytes. These 

structured lipids prevent excessive loss of water from the body and similarly block entry 

of most topically applied drugs, other than those that are lipid-soluble and of low 

molecular weight. This poses a significant challenge to administering hydrophilic and 

macromolecular drugs via the skin for local or systemic therapy. In addition to this 

paired-bilayer arrangement of extracellular lipids, the extreme hydrophobicity, 

composition and distribution of ceramides, cholesterol and free fatty acids in a critical 

(1:1:1) molar ratio further provide the barrier function of skin. Ceramides are critical for 

the lamellar organization of the stratum corneum barrier and account to about 50% of the 

total stratum corneum lipid mass. Ceramides 1, 4 and 7 (containing the ω-hydroxy- 

linked, essential fatty acids in an ester linkage) among the nine ceramide classes are 

known to be important for the barrier function of skin. Cholesterol is the second most 

abundant lipid and free fatty acids account for 10–15% of stratum corneum lipids. 
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A decrease in the concentrations of any of these three key lipid species alters the molar 

ratio resulting in compromised barrier integrity of the skin. The lipid-enriched 

extracellular matrix of the stratum corneum comprises not only the structure that limits 

transdermal delivery of hydrophilic drugs, but also the so-called stratum corneum 

“reservoir”, within which lipid-soluble drugs, such as topical corticosteroids, can form a 

depo and release slowly. Transdermal drug delivery strategies for hydrophilic molecules 

have primarily focused on manipulations of the extracellular lipid milieu. The presence of 

aqueous pores within the extracellular matrix adds to the complexity of the extracellular 

pathway, but serves to provide additional opportunities for novel delivery strategies (20). 

Percutaneous absorption 

Skin being the largest organ, offers a large surface for drug absorption and is 

therefore an attractive site for drug delivery. However, as previously noted, normal skin 

provides a significant barrier to drug absorption. Understanding the parameters that affect 

the permeability of this barrier is essential for achieving successful topical/transdermal 

drug delivery. Local cutaneous effects can be achieved by dissolving or suspending the 

drug in a vehicle followed by topical application as a semi-solid formulation (e.g. cream 

or ointment). Systemic effect is typically accomplished by application of a transdermal 

patch. In both cases, drugs are made available at the surface of the skin for percutaneous 

absorption across the stratum corneum, with the goal of reaching therapeutic targets 

within the layers of the skin and/or systemic uptake via superficial dermal capillaries 

(20). A drug applied to the skin surface has three potential pathways of permeation: 
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across the continuous stratum corneum, via sweat ducts, or through hair follicles and 

associated sebaceous glands. Most chemicals permeate skin by a combination of 

pathways and the relative contribution of each being related to the physicochemical 

properties of the permeating molecule. Chemicals can permeate the bulk of the stratum 

corneum in two pathways: the intercellular lipid route between the corneocytes 

(intercellular) and the transcellular route through the corneocytes and lipids 

(transcellular). Hydrophilic drugs most often follow the transcellular drug diffusion 

pathway since the highly hydrated keratin provides an aqueous environment. The 

intercellular pathway involves drug permeation via drug partitioning and diffusing into 

the intercellular lipid matrix. Most drugs currently delivered transdermally are 

hydrophobic, and thus follow the intercellular route via the lipid channels (21). 

Percutaneous/dermal absorption is the transport of substances from the outermost surface 

of the skin into the layers of skin and into systemic circulation. Physico-chemical 

properties of the penetrant and the condition of the skin influence percutaneous 

absorption. Percutaneous absorption in conventional transdermal drug delivery is 

governed by Fick’s law. The law states, the rate of absorption or flux (J) of any penetrant 

across a barrier is proportional to its concentration difference across that barrier. For 

topically applied drugs, the concentration difference can be simplified as the 

concentration of drug in the vehicle, Cv, and the proportionality constant relating flux to 

concentration is the permeability coefficient, Kp (equation 1). Kp is composed of factors 
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that relate to both drug and barrier, as well as their interaction. These factors are: Km, the 

partition coefficient; D, the diffusion coefficient; and L, the length of the diffusion 

pathway (equation 2). The ideal permeant for transdermal delivery should be moderately 

lipophilic, low molecular weight (<500 Da), low melting point, saturated in the vehicle. 

Therefore, these four factors control the kinetics of percutaneous drug absorption 

(equation 2); however, it is of great practical importance that two of the four (Cv, Km) are 

highly dependent on the vehicle the drug is dissolved or suspended in. Apart from the 

influence of a vehicle on the drug concertation and partition coefficient, vehicles 

(chemical enhancers) can alter the barrier function of skin making skin more permeable 

to penetrants. 

 

J = KpCv -------------------------------- (1) 

 

J = (DKm/L) Cv ------------------------ (2) 

 
 

The hydration of the skin is another factor that influences the percutaneous absorption of 

drugs. The greater the hydration, the higher and better the absorption of substances, in 

particular polar substances. Other factors, such as the area and method, region, period of 

application, the age of the skin also influence percutaneous absorption. Substances that 

modify cellular membrane structures, diffusion coefficient alterations, the partition 

coefficient of the stratum corneum/vehicle, influences cutaneous water content, and can 

also modify superficial tension cause flow variation influencing percutaneous absorption. 
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Such substances or physical methods (iontophoresis, electroporation, sonophoresis, 

ultrasound, microneedles, laser ablation) usually temporarily and reversibly alter 

the stratum corneum barrier, making it more permeable to molecules that otherwise have 

only limited skin permeation (22). 

Transdermal drug delivery systems 

 

Since the release of the first transdermal delivery system to the market in 1979, 

the delivery system has established an important niche route of administration in the 

pharmaceutical industry making it an annual multi-billion dollar worldwide industry 

today. It represents the most successful non-oral systemic drug delivery system and with 

this market being dispersed only among a handful of FDA approved active agents. It can 

be debated that this handful of drugs serves to assert the limitations of the technology. As 

noted previously, transdermal delivery is not suited for all drugs, nor is it justified for all 

therapies. For many decades and even today, treatment of an acute disease or a chronic 

illness is mostly accomplished by administration of drugs using various conventional 

pharmaceutical delivery systems like oral, topical and inhalation and systemic. These 

conventional delivery systems offer numerous advantages but are not without their 

limitations. When these limitations prevent successful drug delivery to the site of action, 

it is imperative to explore novel delivery systems like transdermal drug delivery. 

Transdermal delivery offers a variety of advantages compared to the oral route. In 

particular, it avoids interference with gastric and intestinal fluids and can be used when 

there is a significant first-pass effect by the liver that can prematurely metabolize orally 
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administered drugs. Transdermal delivery has advantages over hypodermic injections and 

offers comparable characteristics with intravenous infusion, which are painful, generate 

dangerous medical waste, pose the risk of disease transmission by needle re-use, 

especially in developing countries and require a professional to administer. Similar to 

intravenous infusions, it maintains constant controlled drug blood levels for longer period 

of time with no inter and intra-patient variability. In addition, they can provide sustained 

and controlled release for long periods of time (up to one week)thereby reducing the 

frequency of dosing and increasing patient compliance (23, 24, 25). The growing interest 

in the topical/transdermal market we see today is a reflection of these advantages and 

opportunity to create reformulations of established drugs. The rise in demand for 

convenient self-administrating drug delivery options poses major opportunities for the 

advancement of topical formulations. Furthermore, advances in modern technologies and 

polymer sciences are resulting in a larger number of pharmaceuticals being delivered 

topically for dermal and transdermal delivery (26). As previously noted, skin is an 

attractive route of drug administration that can result in local and systemic effects. Local 

actions include those at or on the surface of the skin, those that exert their actions on the 

stratum corneum, and those that modulate the function of the epidermis and/or the 

dermis. Common products that produce local effects include creams, gels, ointments, 

pastes, suspensions, lotions, foams, sprays, aerosols, and solutions. Creams, ointments, 

and gels generally are referred to as semisolid dosage forms. The most common drug 
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products applied to the skin for systemic effects are referred to as self- adhering 

transdermal drug delivery systems or commonly known as transdermal patches (27). 

Gels are semisolid dosage forms can produce both local and systemic effect when 

applied topically. These formulations have an external solvent phase that may be 

hydrophobic (oraganogels) or hydrophilic (hydrogels) in nature, and are immobilized 

within the spaces of a three-dimensional network structure. Recent studies have reported 

other types of gels for dermal drug application, such as proniosomal gels, emulgels, 

bigels and aerogels. The gels can prove to be a beneficial vehicle for topical drug delivery 

or for the localized drug action on skin for pain relief in case of sprains or acute 

musculoskeletal disorders. In general, preparation of a gel requires a gelling agent such as 

a carbomer or a natural gum is dispersed in purified water or non-polar solvent to form a 

uniform dispersion. Gels in comparison to creams and ointments, have high water 

content, allowing higher degree of dissolution of drugs and facilitate migration of the 

drug through the vesicle. Furthermore, gels can hydrate skin by retaining a significant 

amount of transepidermal water and facilitate drug transport (28, 29). While gels have 

numerous advantages, transdermal patches are abuse deterrent in that it is more time 

consuming and difficult to extract drug from a patch than a pill, liquid or topical dosage 

form, the use of patches can be more easily monitored, drug release from patches can be 

better controlled and sustained for longer periods of time (30). 
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Transdermal patches are now widely used as cosmetic, topical and transdermal 

delivery systems (31). The first generation of transdermal delivery systems is responsible 

for most of the transdermal patches that have thus far been in clinical use. Significant 

advances in patch technology, and public market acceptance, have facilitated the rise in 

first-generation transdermal patches reaching the market. Drugs delivered by these first- 

generation patches must be low-molecular weight, lipophilic and potent. Their 

transdermal delivery needs to be justified over oral delivery like due to low oral 

bioavailability, the desire for less frequent dosing or need for steady and sustained 

delivery (32). Transdermal patches are fabricated as multi- layered polymeric laminates 

in which a drug reservoir or a drug–polymer matrix is sandwiched between two 

polymeric layers: an outer impervious backing layer that prevents the loss of drug 

through the backing surface and an inner polymeric layer that functions as an adhesive 

and/or rate-controlling membrane. The drug-in-adhesive transdermal patches are 

generally prepared using organic solvent based pressure sensitive adhesives such as 

acrylate copolymer or silicone or polyisobutylene with the drug either dissolved or 

dispersed, with or without excipients. The backing layer should be impermeable to drug 

and additives while holding the entire system and protects drug reservoir from the 

external environment. The most commonly used backing materials are polyesters, 

aluminized polyethylene terepthalate and siliconized polyethylene terepthalate. Release 

liner protect the transdermal patch during its shelf life and should be easy to remove 
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before use. The most vital part of the transdermal drug delivery system is the drug 

reservoir. Drug particles are dissolved or dispersed in the matrix. Solvents, cosolvents 

can be used to increase the solubility of drug in the matrix. Permeation enhancers can be 

considered to enhance permeation of drugs, other pharmaceutical additives can be 

considered to aid to the solubility and stability of the formulation. Membrane controls the 

release of the drug from the reservoir and multi-layer patches. It may or may not contain 

rate-controlling membrane. It should be flexible enough not to split or crack on bending 

or stretching. Some of rate-controlling membranes are polyethylene sheets, ethylene vinyl 

acetate copolymer and cellulose acetate. Adhesives serve to adhere all the components of 

the patch together along with adhering the patch to the skin. The adhesive must possess 

sufficient adhesion property so that the patch should remain on skin for the required 

period of time (33). Currently there are three types of pressure-sensitive bioadhesives 

(PSAs) polymers commonly used in the united states transdermal drug delivery (TDD) 

market: polyacrylate copolymers (acrylics), polysiloxanes (silicones) and 

polyisobutylenes (PIBs). Each of these types of adhesive can be modified according to 

the drug being administered, the length of application time desired and dosage 

strength. PIBs are elastomeric polymers used in one of the earliest developed 

scopolamine patches. PIBs can be used as primary base polymers and polymers to build 

tack in the PSAs used in TDD systems. Acrylic-based PSAs are formulated by combining 

hard and soft monomers at different ratios to provide flexibility and tack. Their 

biocompatibility, excellent tack and compatibility with a wide range of drugs and 
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additives have made them popular as PSAs in TDD systems. Silicon-based PSAs are a 

mixture of a long chain polymer (polydimethyl siloxane) and a silicate resin dissolved in 

a solvent. The silicone PSA used in our study is trimethylsilylated to protect the silanol 

groups that can react with the amines in drug or additives. Ideally the PSA used should 

bond to surface of skin upon light pressure application and do not leave any visibly 

noticeable residues upon removal. A PSA can be used as main component of the patch 

formulation or simply added to ensure intimate contact between the dosage form and the 

skin. In our study plan, we aim to use PSA as a main component that carries the active 

ingredient and assures the controlled release of drug, while providing adhesion. Adhesion 

of the patch is described by tack, shear adhesion and peel adhesion. Tack is referred to 

the ability of an adhesive to form the initial contact upon application of light pressure. 

Shear adhesion is the resistance of the matrix to flow and peel adhesion is the force 

required to peel the patch away from an adhesive (34). The first-generation approach to 

transdermal delivery is limited primarily by the stratum corneum. As previously 

discussed, not all drugs are suitable for patch delivery. To date, only about two dozen 

molecules have been approved by the regulatory authorities for transdermal 

administration and have reached the market successfully. A variation on the conventional 

first-generation transdermal patch systems involves the application of a metered liquid 

spray, gel or other topical formulation to the skin. These dosage forms upon evaporation 

or absorption can drive small lipophilic drugs into the stratum corneum, which in turn 
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serves as the drug reservoir for extended release into the viable epidermis over prolonged 

period of time. 

A second generation of transdermal delivery systems expand the scope of 

transdermal drugs by enhancing skin permeability. The ideal permeation enhancer 

should: (i) increase skin permeability by reversibly disrupting the structure of the stratum 

corneum, (ii) provide a driving force for drug transport and (iii) avoid injury to deeper 

viable tissues. Conventional chemical enhancers, iontophoresis and non-cavitational 

ultrasound are some of these second generation techniques. Chemical enhancers are 

compounds that interact and alter the nanostructure of the stratum corneum to increase 

permeability. They are typically inexpensive and can be easily incorporated into a 

conventional patch or topical formulation but can cause skin irritation or toxicity at high 

concentrations with prolonged contact time. Thus, chemical enhancers are mainly used to 

increase permeability of drugs that already cross the stratum corneum, but are unable to 

significantly impact delivery of hydrophilic drugs or macromolecules. Iontophoresis and 

electroporation represent electrically assisted, physical approaches to enhance delivery of 

drugs/macromolecules across the stratum corneum. Iontophoresis uses low currents 

applied for minutes to hours from an externally placed electrode (with the same charge as 

the drug) in order to drive these molecules across the stratum corneum, primarily by 

electrophoresis. As the rate of drug delivery is generally proportional to the applied 
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current, iontophoresis offers an opportunity for programmable drug delivery, especially 

with the recent development of miniaturized microprocessor systems. Reverse 

iontophoresis has been used to extract glucose from the skin as a means of monitoring 

glucose levels in diabetic patients. 

Ultrasound is widely and safely employed in both medical diagnostics and 

physical therapy, and this technology can also be used to enhance transdermal delivery. 

Ultrasound administered in the context of heating deep tissues, for example, during 

physical therapy, has been shown to increase drug penetration into the skin, and this 

technique is actually used to increase local delivery of anti-inflammatory agents at the 

time of physical therapy. Some ultrasound settings (in particular low frequencies, such as 

< 1 MHz) can be used to generate bubble activity, referred to as “ cavitation ”. Cavitation 

bubbles oscillating and imploding in the medium between the ultrasound transducer and 

the skin surface generate shockwaves that mechanically impact the skin, creating 

submicroscopic defects in stratum corneum structure. These defects increase skin 

permeability to water soluble molecules and some macromolecules. However, 

enhancement methods developed in this generation, such as conventional chemical 

enhancers, iontophoresis and non-cavitational ultrasound, have struggled with the balance 

between achieving increased delivery across stratum corneum, while protecting deeper 

tissues from damage. As a result, this second generation of delivery systems has 

advanced clinical practice primarily by improving small molecule delivery for localized, 
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dermatological, cosmetic and some systemic applications, but has made little impact on 

delivery of macromolecules. 

The third generation of transdermal delivery systems make significant impact on 

drug delivery because its effects the stratum corneum to produce micron sized holes 

unlike the second generation that alters at the nanometer scale. This targeting causes 

stronger disruption of the stratum corneum barrier, resulting in delivery of much larger 

molecules with much greater fluxes into the skin while still protecting the deeper tissues. 

Novel chemical enhancers, electroporation, cavitational ultrasound, microneedles, lasers 

and microdermabrasion are such third generation techniques that have exhibited dermal 

delivery of macromolecules, including therapeutic proteins and vaccines (32, 35, 36). 

Cosmetic techniques for drug delivery 

 

Microdermabrasion, microneedle treatment and laser techniques are routinely 

used in dermatology for skin rejuvenation but their use to enhance dermal drug delivery 

is currently limited to research. Microdermabrasion is one of the top five skin 

rejuvenation procedures used in dermatological clinics dating back to the mid 1990s. Use 

of microneedles for skin rejuvenation is a much newer alternative that is rapidly gaining 

popularity because of its many benefits (3). It represents another micron-scale approach 

to dermal drug delivery. As previously discussed, the stratum corenum (SC) forms the 

skin’s protective layer and is the rate limiting layer for dermal drug diffusion. Both 

techniques alter the skin’s barrier function by stripping the SC in a controlled manner 
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thereby reducing skin’s impedance and increasing permeability to molecules that have 

otherwise limited transdermal diffusion. 

Microneedles typically measure 0.1 – 1 mm in length; they can be solid or hollow 

and are typically manufactured by micromoulding. Solid microneedles can be 

incorporated into patches that are applied to the skin and can be kept in contact with skin 

for longer. In clinical trials, microneedles have been used to punch microscopic holes into 

the skin prior to the application of drug-loaded patches. Drug-coated solid microneedles, 

designed to undergo dissolution upon insertion into the skin, have also been tested. In 

contrast intradermal injection that require a special training for administration, hollow 

microneedles enable simple and reliable intradermal injections. This techniques have 

allowed effective delivery of vaccines (4). 

Lasers are another type of third generation transdermal system that have 

demonstrated enhanced dermal drug delivery of hydrophilic compound and 

macromolecules. Lasers emit narrow, high-intensity monochromatic light of discrete 

wavelength that interacts with specific chromophores such as melanin, water, 

hemoglobin, or tattoo ink in the skin to produce precise tissue destruction of a few 

micrometers in depth, resulting in clinical benefits with reduced adverse effects. When a 

chromophore in the skin absorbs the corresponding wavelength of energy, the energy is 

converted into heat causing thermal destruction of the target site known as photothermal 

effect. Lasers are routinely used in dermatology for treatment of pigmentation, hair 
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growth, photo-aging, scarring, and skin rejuvenation. Lasers can be categorized as 

ablative lasers, fractional ablative laser and non-ablative fractional lasers. Ablative laser 

technology shows good clinical results by generating thermal injury that essentially 

vaporizes the water in skin to create microscopic vertical channels in the epidermis that 

serve as open channels into which topically applied drugs can migrate down to the dermis 

and then into the systemic circulation. The technique comes with undesired residual 

thermal effects and longer recovery times in comparison to the non-ablative fractional 

laser (NBFXL) technology. Fractional ablative lasers were introduced as an alternative to 

full ablative lasers to reduce the thermal side effects of full ablative lasers. Fractional 

ablative lasers use fractional photothermolysis to create microscopic treatment zones 

(MTZs). These MTZs are zones of ablation that penetrate the stratum corneum and 

extend into the epidermis and dermis. Previous literature has explored the use of ablative 

lasers and fractional ablative lasers to enhance drug delivery but clinical use of these 

lasers for drug delivery is limited. Non-ablative fractional lasers (NBFXL) were 

introduced to further reduce thermal side effects and downtime by using controlled 

dermal heating without significant structural damage of the superficial layers. In this 

technique, heat is generated within the dermal connective tissue without necessarily 

removing the overlying skin surface in contrast to ablative techniques. Previous literature 

has confirmed the therapeutic efficacy of NBFXL in acne scars, burn scars, and skin 

rejuvenation and drug delivery of small molecules (2). 
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CHAPTER 3 

 

NON-ABLATIVE FRACTIONAL LASER TO FACILITATE TRANSDERMAL 

DELIVERY 

Abstract 

 

The advances in laser technology have led to its rapidly expanding applications in 

dermatology. The present study aims at the novel use of a non-ablative fractional laser to 

enhance transdermal permeation of diclofenac sodium and sumatriptan succinate. The 

effects of the laser on skin were characterized visually with dye binding, scanning 

electron microscopy, pore permeability index, and histology. In vitro transdermal 

permeation of drugs through laser treated and untreated human dermatomed skin were 

analyzed over 24 hours and quantified by high performance liquid chromatography. 

Drug transport through untreated skin resulted in transdermal delivery of 72.61 ± 50.35 

μg/cm2 and 22.80 ± 0.64 μg/cm2 of diclofenac sodium and sumatriptan succinate, 

respectively. Laser treatment of skin significantly increased (p<0.005) delivery of 

diclofenac sodium to 575.66 ± 207.18 μg/cm2 and sumatriptan succinate to 498.32 ± 

97.54 μg/cm2. This is a first of its kind study that demonstrates the use of 1410 nm non- 

ablative fractional laser to enhance transdermal permeation of two small molecular 

weight drugs. 

 

Ganti S.S and Banga A.K. Non-Ablative Fractional Laser to Facilitate Transdermal 

Delivery. Journal of Pharmaceutical Sciences. 2016; 105: 3324-3332. 
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Introduction 
 

The diversity of laser technologies and the versatility of treatments available have 

resulted in their rapidly expanding spectrum of applications. Lasers emit narrow high 

intensity monochromatic light of discrete wavelength that interacts with specific 

chromophores such as melanin, water, hemoglobin or tattoo ink in the skin to produce 

precise tissue destruction of a few micrometers in depth, resulting in clinical benefits with 

reduced adverse effects. When a chromophore in the skin absorbs the corresponding 

wavelength of energy, the energy is converted into heat causing thermal destruction of 

the target site known as photothermal effect. The depth of laser penetration into skin 

depends upon absorption and scattering of the wavelength used. Certain wavelengths 

target tissue water resulting in selective vaporization of water containing tissues; this 

principle is the basis of ablative laser technology (37). 

Ablative laser technology shows good clinical results by generating thermal injury 

that essentially vaporizes the water in skin to create microscopic vertical channels in the 

epidermis that serve as open channels into which topically applied drugs can migrate 

down to the dermis and then into the systemic circulation. The technique comes with 

undesired residual thermal effects such as prolonged oozing, pain, swelling, persistent 

skin redness and longer recovery times in comparison to the non-ablative fractional laser 

technology (38, 39). 
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Fractional ablative lasers were introduced as an alternative to full ablative lasers 

to reduce the thermal side effects of full ablative lasers. Fractional ablative lasers use 

fractional photothermolysis to create what was first described as “microscopic thermal 

wounds”, or now known as microscopic treatment zones (MTZ’s) (40). These MTZ’s are 

zones of ablation that penetrate the stratum corneum and extend into the epidermis and 

dermis. A zone of coagulation is a group of necrosed thermally damaged cells around the 

microchannels and surrounded by normal skin that has not been affected by the laser 

beam (40). Fractional ablative lasers can achieve similar skin resurfacing effects as full 

ablative lasers but with shorter recovery times. The major difference between full 

ablative and fractional ablation, being the presence of unaffected skin around the ablated 

parts, which help, promote faster healing (39). Previous literature has explored the use of 

ablative lasers and fractional ablative lasers to enhance drug delivery but clinical use of 

these lasers for drug delivery is limited (41-45). 

Non-ablative fractional lasers (NBFXL) were introduced to further reduce thermal 

side effects and downtime by using controlled dermal heating without significant 

structural damage of the superficial layers. In this technique, heat is generated within the 

dermal connective tissue without necessarily removing the overlying skin surface in 

contrast to ablative techniques. Superficial damage is prevented by delivering the 

appropriate wavelength of light capable of penetrating deep enough through the surface 

while cooling the epidermis during the light–tissue interaction (37, 46). The advantages 

of non-ablative techniques are the preservation of stratum corneum and retaining a 
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confined epidermal and dermal coagulation (46). Non-ablative lasers emit light within the 

infrared range (1000-1500 nm) of the electromagnetic spectrum. These wavelengths are 

weakly absorbed by the superficial layers of skin, thereby penetrating the deeper tissues 

creating a dermal wound without disruption of the epidermis (37). In comparison to 

ablative lasers; NBFXL technology is less expensive, less labor-intensive, safer with 

minimum side effects and reduced healing time. 

The use of two home use NBFXL devices have been reported, namely PaloVia 

(Palomar Medical Technologies, Inc., Burlington, MA) and ReAura (Solta Medical, Inc., 

Hayward, CA). The thermal damage produced by the former is characterized and used in 

this study for enhancing transdermal permeation of two model small molecular drugs. 

The PaloVia device used in our research has demonstrated usability and well-established 

safety during clinical trials. Clinical testing exhibited high subject compliance, well- 

tolerated self application treatments with minimal and transient side effects. In addition to 

safety testing, the device has inbuilt safety design elements that prevent the device from 

misfiring or overheating. The contact sensor array ensures that full contact around the 

optical window must be met and maintained for emission of laser energy. The selected 

wavelength and beam divergence eliminates potential damage to the eye retina and can 

only be activated a maximum of 25 times per day (47). 

Current use of lasers include treatment for cutaneous disorders of blood vessels, 

pigmentation, hair growth, photo-ageing, scarring and skin rejuvenation (37). Previous 

literature has confirmed the therapeutic efficacy of NBFXL in acne scars, burn scars and 
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skin rejuvenation but only one previous study has demonstrated its use to enhance drug 

penetration (39,47-53). Our study is the first of its kind that employs a 1410 nm NBFXL 

technique to enhance drug delivery of two model drugs, namely diclofenac sodium and 

sumatriptan succinate. 

Sumatriptan succinate is the most commonly prescribed selective serotonin 

receptor agonist to alleviate symptoms of migraine headaches. Diclofenac sodium is an 

over-the-counter non-steroidal anti-inflammatory agent commonly used to allay mild to 

moderate pain including pain associated with migraine headaches (54). Migraine is a 

common debilitating disorder that affects more than 28 million people in the United 

States alone (55). It is ranked among the 20 most disabling diseases in the world affecting 

1 in every 7 adults, and interferes with the sufferer's ability to function in everyday life 

resulting in loss of work or school days (56, 57). Every 10 seconds, someone in the 

United States goes to the emergency room with a headache or migraine, resulting in a 

cost of an estimated $50 billion each year on medical services rendered (57). The two 

drugs have a variety of formulations ranging from gels, ointments, tablets, capsules, 

patches, suppositories, injections and nasal sprays. However, each formulation is not 

without limitations. Oral forms have poor patient compliance and low efficiency when 

migraine is accompanied by nausea. It is estimated that in half of migraine attacks, 49.5% 

of these patients experience concomitant nausea (55). Oral administration of diclofenac 

sodium causes gastric irritation and undergoes substantial hepatic first-pass metabolism 

resulting in low bioavailability (F=0.50) (55, 58).Intravenous (IV) route is the best route 
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to achieve quick and immediate relief but is accompanied by pain at injection site, 

paresthesias and requires medical supervision. Sumatriptan nasal spray is known to 

alleviate pain within 15 minutes of administration but leaves an unpleasant after taste, has 

low bioavailability, and is less effective when patient has nasal congestion or nausea (55). 

Transdermal route of drug delivery is a good alternative to overcome the limitations of 

conventional routes; however, is limited by low skin permeability of the stratum 

corneum. Stratum corneum is the protective outermost layer of skin (59-61). In this 

study; we use a NBFXL technique in an effort to enhance existing topical and 

transdermal drug delivery where skin permeability is a barrier. In addition, the study may 

open avenues to new therapeutic applications by adding a safe and effective technique to 

the existing enhancement techniques such as chemical enhancers, iontophoresis, 

microporation with microneedles and ablative laser techniques (41, 62-64). Despite the 

overwhelming research on sumatriptan succinate and diclofenac sodium and the 

numerous formulations available, there is a need for an easy to use, minimally invasive, 

low risk, and effective formulation to alleviate pain associated with migraine headaches. 

The goal of this study was to investigate an alternative use of NBFXL to enhance 

transdermal drug delivery of sumatriptan succinate and diclofenac sodium, thereby 

addressing the limitations of existing conventional formulations. The objective of the 

study was further extended to visually confirm and characterize the effects of NBFXL on 

skin with dye binding studies, scanning electron microscopy (SEM), pore permeability 

index (PPI), and histology. 
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Materials and Methods 
 

Materials 
 

Diclofenac sodium and sumatriptan succinate were obtained from Sigma Aldrich 

(St Louis, MO). Potassium dihydrogen phosphate, sodium hydroxide, phosphate buffered 

saline, ortho-phosphoric acid, sodium phosphate monobasic monohydrate were purchased 

from Fisher Scientific (MA, USA). HPLC grade methanol and acetonitrile were obtained 

from Medsupply Partners (GA, USA). Dermatomed human skin was obtained from New 

York firefighters skin bank (New York, USA). PaloVia skin renewing laser (Palomar 

Medical Technologies, Inc., Burlington, MA) was purchased from Amazon.com, Inc. 

(Seattle, WA, USA). 

Methods 

 

Images in this document are presented in color. 

 

Exposure to non-ablative fractional laser 

 

Dermatomed human skin with a skin thickness of approximately 0.4 cm ± 0.1 was 

used for all the interventions. The skin samples were pre-treated with laser micropulses 

using a NBFXL. The Laser device applied a stamping/scanning mode of treatment on a 

predetermined area of skin. Each scan consisted of a series of laser micropulses with 

energy ranging between 8-15 mJ/μb (low to high) delivered on a rectangular grid with a 

pitch between 0.9-2.0 mm and an output window of 9 x 13mm dimensions (48). Skin 

samples were placed on aluminum foil and exposed to the NBFXL by placing the 

scanning window over the surface of skin with minimum pressure until a blue light was 
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visible. Once the blue light was visualized, the irradiation was activated resulting in 

exposure of skin to a 1410 nm (± 5 nm) wavelength beam for 10 ms with a maximum 

energy of 15 mJ/μb. This procedure was repeated five times on each skin sample, each 

with exposure at different locations but within the predetermined array. 

Skin barrier impedance measurement 

 

Skin integrity for all skin samples used in this study were assessed prior to 

addition of drug for in vitro permeation study. Human dermatomed skin was clamped 

between the donor and receiver compartments followed by the addition of 1X PBS to the 

donor and receptor compartment of the vertical Franz diffusion cell setup and allowed a 

15 minutes equilibration time. Equilibration was followed by measurement of skin barrier 

impedance before and after NBFXL exposure by applying a 100 mV voltage at 20 MHz. 

Silver electrode was placed in the receptor compartment, silver chloride electrode was 

placed in the donor compartment and a load resistor (RL) was connected in series with 

skin (VS). The resulting voltage was measured by a 33220A function/arbitrary waveform 

generator (V0) and read by a 34410A 61/2 digital multimeter (Agilent Technologies, 

Newark Element 14, Palatine, IL, USA) (65). Skin resistance (RS) was calculated using 

the formula: RS =VSRL/(VO–VS), where, RL and VO were set at 100 kΩ and 100 mV, 

respectively (66). Skin samples that offered resistance less than 2 kΩ /cm2 were discarded 

and replaced by a new skin piece with resistance greater than 2 kΩ /cm2. 



 

 

32 

 

 

In vitro skin permeation study design 
 

The effect of NBFXL on transdermal permeation of sumatriptan succinate and 

diclofenac sodium through dermatomed human skin was studied using in vitro vertical 

static Franz diffusion cells (PermeGear, Hellertown, PA, USA). Each Franz cell (n≥3) 

comprised of a donor compartment into which the drugs were added, a receiver 

compartment with 5ml of pH 7.4 1X Phosphate buffer (PBS) and human dermatomed 

skin of effective surface area of 0.64 cm2 that was clamped between the two 

compartments. Permeation of the two drugs was examined both on NBFXL unexposed 

skin (control group) and NBFXL exposed skin for 24 hours. The donor compartments 

were exposed to room temperature while the receiver compartments were maintained at 

37 ± 1 °C and continuously stirred to maintain sink conditions. A donor concentration of 

100 μL of 10 mg/ml of sumatriptan succinate and 100 μL of 10 mg/ml diclofenac sodium 

were added separately into different donor compartment and samples were drawn at 

regular intervals from the receiver compartment over 24 hours. Permeation was detected 

by high performance liquid chromatography (HPLC) quantification to detect the amount 

of drug that permeated through the skin into the receiver compartment of the Franz cells. 

HPLC detection 

Isocratic elution was carried with mobile phase of 66% methanol and 34% of 

 

10 mM sodium phosphate buffer (containing 1.4% w/v of sodium phosphate) at pH to 2.5 

with o-phosphoric acid at a flow rate of 1.2 mL/min. A phenomenex RP C8 

(250 × 4.6 mm, 5 μ) Luna column was used with an injection volume of 20 μL for the 
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detection of diclofenac sodium at a wavelength of 276 nm. Sumatriptan succinate was 

detected at a wavelength of 227 nm using a thermo scientific hypersil gold C4 (250 x 4.6 

mm, 5 μ) column. Isocratic elution was carried out with mobile phase of 65% acetonitrile 

and 35% of 20 mM potassium dihydrogen phosphate buffer (containing 2.7%w/v of 

potassium dihydrogen phosphate) adjusted to pH 6 with 0.1 M sodium hydroxide at a 

flow rate of 1 mL/min and an injection volume of 20 μL. An alliance HPLC waters 2695 

separations module attached to a waters UV detector system was used for the analysis of 

sumatriptan succinate and diclofenac sodium. The calibration curve was linear (r2 = 0.99) 

and in the concentration range of 0.1–100 μg/mL for both the analyzed drugs. 

Statistics 

 

Statistical analysis for multiple groups (2 or more) was carried out using two 

sample F-test to test population variances between the groups followed by a two sample 

T-test assuming unequal variances to determine the significant difference between the 

groups. P-values less than 0.05 were considered as significant difference. 

Characterization studies 

 

The effects of NBFXL on skin and the resulting MTZ’s generated were examined 

using multiple characterization studies. These included histology with hematoxylin and 

eosin (H&E) staining, PPI calcein imaging for assessing uniformity of pores, SEM to 

examine the surface morphology, and methylene blue dye binding to enhance viewing of 

the treated skin samples via ProScope HR imaging studies. In all characterization studies, 

NBFXL unexposed skin were examined similar to the NBFXL exposed skin samples. 
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Dye binding studies 
 

NBFXL exposed skin was placed on a layer of parafilm, followed by application 

of methylene blue hydrophilic dye on the laser treated area for 2 minutes. Excess dye was 

cleaned off with sterile wipes and viewed under a handheld high resolution ProScope HR 

digital microscope (Bodelin Technologies, Oregon, USA). The device was then 

connected to a computer and the images were captured using the ProScope HR software. 

Scanning Electron Microscopy (SEM) 

Human dermatomed skin was treated with NBFXL, fixed with 1% formaldehyde 

and dried. A control sample was prepared similarly but without NBFXL treatment. Dried 

skin samples were placed on an aluminum metal stub specimen mount using double-sided 

carbon sticky tape (Ted Pella, Inc.), followed by gold coating (Desk V HP, Denton 

Vacuum). Skin samples were separated into a superficial layer (containing stratum 

corneum and epidermis) and the dermal layer (the stratum corneum and epidermis were 

removed leaving the remaining dermal layer). Both sides were placed facing the coating 

side. This allowed us to view surface morphology of the superficial layer and the dermal 

layer independently. Coating was done in a sputter coater with gold ions at a sputter 

setpoint of 30 mAmps for 30 seconds. Gold being a rich source of secondary electrons 

provided multiple advantages: keeps the samples conductive, connected to the ground, 

and aides as a pathway for the electrons to bombard the samples by the laser beam in 

SEM. The coated sample was then placed in a desktop phenom scanning electron 

microscopy at an accelerating voltage of 10 kV. 
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Secondary ion images were viewed and captured at different magnifications. 
 

Pore uniformity and pore permeability index (PPI) analysis 

 

Calcein fluorescent dye was applied onto the NBFXL exposed area of skin for 2 

minutes. Images were immediately captured using a fluorescent camera (Nikon camera 

integrated with a macrolens and 525 nm long pass filter, Canon Inc., Japan). Further 

analysis of the images was conducted by fluoropore software. The software measures the 

fluorescent intensity around each pore, to calculate a value called pore permeability index 

(PPI) and generate a histogram. 

Histology with hematoxylin and eosin (H&E) staining 

 

Post NBFXL exposure, treated skin samples were fixed in Optimal Cutting Temperature 

compound (OCT) media (Tissue Tek®, Sakura Finetek USA Inc.) and stored at −80 °C 

for further analysis. The following day, the frozen OCT fixed skin samples were 

cryosectioned into 10 μm sections using a cryostat (Microm HM 550, Thermo Fisher 

Scientific Inc. Waltham MA) and placed on a polylysine coated glass slide. The sections 

were then stained with H&E staining and observed under a microscope (Leica DM750) at 

10 x and 40 x. Images were taken using a Nikon Eclipse E600 camera coupled with the 

microscope. 

Results 

 

Skin impedance 

 

The electrical impedance values for laser unexposed skin (before laser exposure 

and for control skin) was 25 ± 15 kΩ /cm2 and dropped to 5 ± 3 kΩ /cm2 after laser 
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exposure indicating a significant change in resistance due to non-ablative fractional laser 

treatment. 

In Vitro skin permeation studies 

 

In vitro transdermal permeation of sumatriptan succinate and diclofenac sodium 

through NBFXL untreated (control) skin was compared to the permeation through 

NBFXL pre-treated skin. Non-ablative laser exposure significantly increased (p<0.05) 

transdermal permeation of sumatriptan succinate by 22 folds and that of diclofenac 

sodium by 8 folds when compared to control. As shown in Figure 1, drug transport 

through untreated skin resulted in transdermal delivery of 72.61 ± 50.35 μg/cm2 and 

22.80 ± 0.64 μg/cm2 of diclofenac sodium and sumatriptan succinate respectively. Laser 

exposure of skin increased delivery of diclofenac sodium to 575.66 ± 207.18 μg/cm2 and 

sumatriptan succinate to 498.32 ± 97.54 μg/cm2. 
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Figure 1. Transdermal delivery of diclofenac sodium and sumatriptan succinate through 

human dermatomed skin over 24 h. (a) Comparison of diclofenac sodium transdermal 

permeation with passive and active delivery. All values represent mean ± SD and * 

indicates statistically significant difference (p < 0.05). (b) Comparison of sumatriptan 

succinate transdermal permeation with passive and active delivery. All values represent 

mean ± SD and * indicates statistically significant difference (p < 0.05). 
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Dye binding 
 

Dye binding offered visualization of the changes generated by NBFXL exposure 

on the surface of skin. Visual confirmation of thermal coagulation zones as blue dots was 

achieved by methylene blue staining of laser exposed skin, followed by visualization by a 

ProScope HR (48). The images shown in Figure 2. were captured using ProScope HR 

software at 1000 microns magnification. The MTZ’s created by laser exposure took up 

hydrophilic methylene blue dye and appeared as blue dots as shown in Figure 2. while 

the rest of the skin remained unstained. 

 

 

 

 
 

Figure 2. Stereomicroscope image post non-ablative laser exposure of human 

dermatomed skin and application of methylene blue dye. The image shows the presence 

of microscopic treatment zones as blue dots at 1000 microns of magnification. 

 

 

Scanning Electron Microscopy (SEM) 

 

SEM was used to study the effect NBFXL treatment on the surface morphology 

of the stratum corneum (superficial layer) and the dermis (after removing the superficial 
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layers). Images were viewed and captured with the stratum corneum side and dermal 

side, after removal of the superficial layers (Figure 3.). Skin samples with the stratum 

corneum side and dermal side of skin without NBFXL treatment (control group) did not 

show any damage or disruption as shown in Figure 3A. and Figure 3C. respectively. 

There was a slight visual difference in skin morphology observed between the control in 

Figure 3A. and the laser treated skin sample with the stratum corneum side in Figure 3B. 

However this difference is not an obvious change in skin morphology like pores or 

channel. In Figure 3D., the NBFXL treated skin samples with the dermal side 

demonstrated the presence of MTZ’s. 

 

 
 

Figure 3. Scanning electron microscopy image of surface morphology of human 

dermatomed skin. (a) Control-SEM surface morphology image of stratum corneum 

without NBFXL treatment (control group). (b) SEM surface morphology image of 

NBFXL-treated stratum corneum. (c) Control-SEM surface morphology image of dermis 

without NBFXL treatment (control group). (d) SEM surface morphology image of 

NBFXL-treated dermis showing MTZs. 
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Pore uniformity and pore permeability index imaging 
 

PPI imaging further confirmed generation of the MTZ’s by laser and measured 

the uniformity of the MTZ’s created. The area of skin treated with laser, took up 

fluorescent calcein dye whereas the rest of the skin remained impermeable. Fluorescent 

intensity of calcein dye in each MTZ represented the relative amount of calcein that 

diffused through each microchannel as shown in Figure 4A. The fluorescence in the 

captured images (Figure 4B.) was further analyzed by fluoropore software to generate a 

histogram and a value known as pore permeability index was calculated. Fluorescent 

intensity of 45 MTZ’s was measured and the mean PPI was found to be 31.9 ± 27.03. The 

histogram shown in Figure 4C. indicated, distribution was broad and the laser generated 

microscopic thermal zones were not uniform. 
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Figure 4. Visualization and uniformity of MTZs created by non-ablative laser treatment 

of human dermatomed skin. (a) Fluorescent image of microscopic treatment zones was 

visualized by the application of calcein fluorescent dye. (b) These pores were assigned a 

value called the PPI representing the amount of calcein diffused into each MTZ. (c) 

Histogram showing the distribution of the PPI with respect to number of MTZs (45). The 

mean PPI was found to be 31.9, which indicates the average calcein flux through the 

MTZs. 

 

 
 

 

H&E histological staining 

 

Histological characterization was used to observe the structural changes caused in 

the layers of skin due to NBFXL exposure. Visual confirmation of compromised skin was 

achieved by H&E staining as shown in Figure 5. In the NBFXL exposed skin, the 

stratum corneum and epidermis remained intact but there were visible changes with the 

A B 
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presence of MTZ’s observed in the dermal layer (Figure 5B.). In Figure 5A., the control 

group (NBFXL unexposed skin) has all layers of the skin intact with no MTZ’s as seen in 

Figure 5B. 

 

 

Figure 5. Histology of human dermatomed skin after H&E staining. (a) Control group 

with untreated skin sample. All skin layers remained intact. (b) Skin sample after non 

ablative laser exposure. Stratum corneum and epidermis show no visible disruption, 

while the dermis showed microscopic treatment zones of ablation. 

 

 
 

Discussion 

 

The use of lasers on skin is not novel and has been used since 1899 in the treatment 

of dermatological diseases (67). In the past, investigations have demonstrated the use of 

ablative and non-ablative lasers to treat scars, acne, pigmentation and wrinkles (50, 52, 68, 

69). Previous research has further explored the use of ablative laser for transdermal and 

topical drug delivery of lipophilic and hydrophilic molecules and a 1550 nm non-ablative 

laser for drug delivery (41, 45, 53, 70, 71). However in face of all the prior research on 

lasers, this is a novel study that demonstrates the use of a home use 1410 nm NBFXL for 
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enhancing in vitro transdermal delivery of small molecular weight (<500 Da) model drugs. 

Although NBFXL is not new and PaloVia has been used previously, this study provides a 

novel application to NBFXLs. 

Significantly enhanced transdermal delivery of sumatriptan succinate and 

diclofenac sodium when treated with NBFXL compared to the untreated areas can be 

attributed to the change in skin morphology and the generation of microscopic treatment 

zones (MTZ’s). Leyden et al performed clinical testing of the NBFXL device (PaloVia) 

used in this study in 124 human volunteers to test the efficacy, safety and usability of the 

device. The mechanism of laser resurfacing without injuring the epidermis was attributed 

to the wavelength of energy used, the generation of isolated microscopic columns in the 

dermis surrounded by intact tissue, and ultimately wound healing processes resulting in 

neocollagenesis. The United States patent for the NBFXL device further explains the 

mechanism with in vitro data using porcine skin and in vivo data with human volunteers to 

exhibit safety and efficacy of the device (47, 72). PaloVia skin renewing laser uses narrow 

beams of 1410 nm wavelength that target the water content in the dermis causing fractional 

selective photothermolysis to preserve the superficial layers and offer selective controlled 

destruction of target site by creating MTZ’s (69). This process generates micro columns of 

thermally coagulated and denatured proteins in the dermis while leaving the overlying 

epidermis intact. These isolated thermal zones of injury induce a natural wound-healing 

response in the surrounding intact tissue that leads to rapid recovery, minimal risk of 

adverse skin reactions, neocollagenesis, and neoelastogenesis. Initially post-treatment, 



 

 

44 

 

 

there is delayed turnover of the microscopic necrotic debris at the dermoepidermal junction 

followed by the gradual disappearance of dermal coagulation zones and ultimately leading 

to neocollagenesis by natural wound-healing processes. The stratum corneum and 

epidermis typically experience minimal damage due to their low water content. The water 

selectivity of the wavelength results in minimal residual thermal effects and shorter 

recovery time (48). Further more, non-ablative laser energy in the near and mid-infrared 

regions of the electromagnetic field has longer wavelengths and is weakly attracted to 

melanin resulting in less absorption of melanin chromophore and deeper energy 

transmission through the skin. The deeper transmission of energy causes non-selective 

deposition of heat leading to damage in the dermis without damaging the overlying layers 

of the skin (73). 

The in vitro permeation enhancement observed in our study is in concordance 

with the results of a previous study using a 1550 nm non-ablative fractional erbium glass 

laser treatment to enhance skin permeation of 5-aminolaevulinic acid (53). The 

permeation enhancement using a 1550 nm NBFXL is explained by the mechanism of 

NBFXL. This same mechanism supports our findings and can be used to elucidate our 

results. The key mechanism behind NBFXL is selective photothermolysis that results in 

generation of microscopic treatment zones (MTZs) of controlled width, depth, and 

densities in a pixilated pattern. Selective photothermolysis theory explains how 

controlled selective destruction of a target site is possible without causing significant 

thermal damage to the surrounding tissue. Thermal injury is prevented by the use of an 
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appropriate wavelength that is preferentially absorbed by the intended target tissue. In 

order to limit the amount of thermal energy entering skin, the duration of tissue exposure 

to the wavelength must be shorter than the thermal relaxation time of the chromophores 

(water). Thermal relaxation time of a chromophore is the time required for the targeted 

chromophore to cool to one half of its peak temperature immediately post laser 

irradiation. The energy density, also known as fluence delivered by the laser must be 

sufficient to achieve destruction of the target within the duration of exposure. PaloVia 

laser used in this study delivered fluence of 15 mj/μb for 10 milliseconds per activation 

(48, 68). 

Several clinical trials reported the efficacy of using near and mid-infrared lasers 

for improvements in the regional appearance of fine lines and wrinkles. In addition to 

Leyden et al, Dayan et al demonstrated non-ablative laser resurfacing using a 1064 nm 

Nd:YAG laser to produce positive results in 34 patients with minimal downtime (47 and 

72). Laser induced sub-threshold injury to the dermis results in a wound repair response, 

stimulation of fibroblast activity, and collagen regeneration resulting in clinical benefits 

(73-80). Moreover in another clinical study of NBFXL, Orringer et al sought to 

demonstrate and explain the molecular mechanism underlying NBFXL resurfacing in 20 

human volunteers. A well-organized wound healing response that leads to substantial 

dermal remodeling and collagen regeneration was observed (81). The clinical benefits in 

these human clinical trials and several more were attributed to the generation of MTZ’s 
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and would healing processes (73-81). Considering the permeation enhancement observed 

in the present investigation and the previous investigation using a 1550 nm NBFXL can 

also be attributed to the generation of MTZ’s, the efficacy of NBFXL’s for resurfacing 

and permeation enhancement is based on the same mechanism. This hallmark feature of 

NBFXL to cause injury to the dermis without damaging the epidermis and the generation 

of MTZ’s in the dermis observed in the clinical studies previously discussed are in 

concordance with the results of the characterization studies in the present investigation. 

In the current study, before the addition of drug for in vitro permeation studies, the 

effects of NBFXL laser on skin was observed by a drop in electrical resistance offered by 

skin’s barrier function before and after laser treatment. The drop in electrical resistance 

post laser treatment indicates the barrier function of the skin is compromised due to laser 

exposure. Compromised skin is more permeable to drug molecules than intact skin; 

owing to the enhanced transdermal delivery across NBFXL treated skin observed in the 

current study. NBFXL assisted enhanced transdermal drug delivery of the drugs due to 

generation of MTZ’s in skin was further corroborated by visualization techniques (dye 

binding studies, SEM, PPI, and histology with H&E staining). 

Human dermatomed skin was used for all the interventions in this study. In vitro 

drug permeation using excised human skin is often used to evaluate the rate and extent of 

transdermal drug delivery since skin of humans is structurally and functionally different 

in comparison to the skin of other mammals. It is also well documented that absorption 

through rodent skin is greater than through human skin due to the potential for 
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compounds to obtain rapid passage down the hair follicle and the relative thickness of the 

stratum corneum. Due to greater absorption in animal models, transdermal delivery is 

often overestimated. Hence, animal models are of limited value for the evaluation of 

transdermal delivery systems. This reduces the superfluous use of animals notably in our 

study since prior investigations have demonstrated the safety and efficacy of NBFXL in 

human volunteers (82-85). 

Stereomicroscope images (Figure 2.) visually demonstrate bronzing. As 

demonstrated by Leyden et al bronzing appears as small dark dots/pixels that represent 

projections of microcolumns of thermal damage on skin surface (47). The microscopic 

thermal wounds in the dermis contain large amounts of melanin, making the skin appear 

bronzed. The stratum corneum is still intact and these dots are not pores or MTZ’s in the 

stratum corneum, they are projections of MTZ’s in the dermis. NBFXL causes transient 

loosening of the stratum corneum making it more permeable to a hydrophilic dye (86). 

Once the dye crosses the epidermis, the NBFXL compromised areas in the dermis are 

hydrophilic in nature due to the presence of interstitial fluid. This allows hydrophilic 

methylene blue dye to enter while the rest of the skin remains impermeable to the dye 

resulting in the appearance of blue dots (60). However, a uniform pixelated pattern as 

shown by Leyden et al was not observed in this study, and can be attributed to the 

application of multiple (5 stampings) laser stampings around the same area. Five 

stampings were used for our study since the in vivo clinical trial study for NBFXL laser 

suggested the use of 6-8 stampings for the best results for wrinkle reduction (47). 



 

 

48 

 

 

In our preliminary studies, we observed no significant difference in drug delivery 

between 5 and 8 stampings. 

PPI images visually affirmed the presence of MTZ’s by measuring fluorescent 

intensity of calcein dye in each MTZ in the dermis and semi-quantitatively characterized 

the fluorescent intensity by calculating pore permeability index. The high standard 

deviation generated by the histogram indicates a broad and random distribution of 

MTZ’s. The random distribution of MTZ’s similar to what was observed in dye binding 

studies can be attributed to multiple laser stampings within a predetermined region. 

Calcein being a hydrophilic dye enters the MTZ’s generated in the dermis through 

transient loosening of the laser treated overlying layers similar to methylene blue in dye 

binding studies. 

Although NBFXL target deeper layers without damaging the stratum corneum, 

methylene blue stained brown dots in proscope images and fluorescent intensity of calcein 

in PPI images both indicate penetration of the dyes through superficial layers. However, 

the penetration of small molecular weight hydrophilic dyes and small molecular weight 

drugs to the dermis is not due to ablation or damage to the stratum corneum but because of 

transient loosening of the superficial layers. Waves similar to a photomechanical wave 

generated by a ruby laser can disrupt lipids by transiently inducing a permeable lacunar 

system within the stratum corneum (86). Similar to the ruby laser, the NBFXL could cause 

histologically undetectable transient loosening within the stratum corneum contributing to 

the penetration of hydrophilic dyes (methylene blue and calcein) through the superficial 
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layers of skin observed in the dye binding studies and PPI imaging studies. Drugs may 

follow a similar pathway followed by these dyes contributing to the enhanced transdermal 

permeation demonstrated in this study. 

SEM images confirm the principle of NBFXL by exhibiting MTZ’s in the dermis 

while leaving the superficial layers intact. To ensure the MTZ’s were not an artifact, the 

laser treated areas were first treated with methylene blue dye followed by confirmation 

with dye binding studies. Once the presence of MTZ’s was confirmed, the same skin 

samples were subjected to SEM. Since non-ablative lasers do not disrupt the superficial 

layers of skin, when NBFXL treated samples were viewed under SEM with the stratum 

corneum, no disruption or MTZ’s were visible. However NBFXL are known to create 

MTZ’s in the dermis, once the stratum corneum and epidermis were removed, the 

remaining layer of dermis revealed MTZ’s. 

To investigate the effects of NBFXL on a histological level, laser exposed skin 

was sectioned, fixed and stained with hematoxylin and eosin. Histological data revealed 

well-formed fractional microcolumns of thermal damage in the dermal region separated 

by intact tissue within the treated area and leaving the stratum corneum intact. 

Histological results validated the principle of non-ablative laser and were in concordance 

with the results in the clinical trials by Leyden et al, Dayan et al and Orringer et al. 

Human clinical trials of NBFXL showed pore closure with immunohistochemistry. Post 

treatment MTZ’s extended into the papillary dermis with visible vacuolization at the 

dermoepidermal junction. The stratum corneum was not ablated and was left intact 
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similar to the current study. Three days after treatment, microscopic epidermal necrotic 

debris formed and re-epithelization had occurred. One month after treatment, denatured 

microcolumns of damage were cleared indicating healing was complete (47, 73, 81). 

Overall, the visual characterization techniques confirmed the formation of MTZ’s, 

thereby supporting the enhanced transdermal drug delivery demonstrated in this study. 

Visualization techniques in the present study further substantiate the mechanism of non- 

ablative laser of causing damage to the dermis while preserving the overlying layers and 

are in concordance with the findings in human clinical trials. 

In conclusion, our results suggest that NBFXL can be used to enhance delivery of 

sumatriptan succinate and diclofenac sodium with relatively no disruption of the superficial 

layers of skin. Use of a NBFXL as pretreatment for the delivery of small molecular weight 

drugs provides clinical advantages such as low recovery time, minimal skin disruption, 

self-administration and enhanced transdermal drug delivery. Finally, this study provides 

new insights in the use of NBFXL technology as a transdermal drug delivery enhancement 

technique. 
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CHAPTER 4 

 

USE OF MICRODERMABRASION AND MICRONEEDLE TREATMENT TO 

FACILITATE TRANSDERMAL DELIVERY 
 

Abstract 

 

Microdermabrasion and microneedle treatment disrupt the stratum corneum to 

facilitate the dermal delivery of hydrophilic drugs that are otherwise limited. 

Conventional delivery of sumatriptan provide little to no pain relief due to poor 

bioavailability. Transdermal delivery can overcome these limitations but the 

hydrophilicity of sumatriptan succinate limits its ability to penetrate the stratum corneum 

of skin. The aim of our study was to enhance transdermal delivery of sumatriptan 

succinate by removing/partially disrupting the permeability barrier of skin through 

pretreatment with microdermabrasion and microneedles. For microdermabrasion 

treatment, aluminum oxide crystals were bombarded onto human dermatomed skin at a 

vacuum pressure of 15 mmHg as the hand piece was passed along/kept stationary over 

the skin surface. For microneedle treatment, maltose microneedle array of 500μm length 

was placed over skin surface for 1min. Electrical resistance of skin was measured before 

and after microdermabrasion and microneedle treatment. Vertical Franz diffusion cells 

were used to analyze the in vitro transdermal permeation of sumatriptan succinate on 

microdermabrasion and microneedle treated and untreated (control) human dermatomed 

skin. The average electrical resistance offered by skin before microdermabrasion 
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treatment was observed at 34 ± 5.44 kΩ /sq.cm and that after 1 pass, 10 passes, 30 passes, 

50 passes, 80 passes and 100 passes of treatment reduced to 23.75 ± 3.58 kΩ /sq.cm, 

10.93 ± 1.95 kΩ /sq.cm, 5.15 ± 0.56 kΩ /sq.cm, 4.65 ± 0.42 kΩ /sq.cm, 4.28 ± 0.33 kΩ 

 

/sq.cm, and 3.98 ± 0.46 kΩ /sq.cm, respectively. For stationary mode of treatment, the 

electrical resistance of skin was 11.20 ± 2.64 kΩ /sq.cm and after 1sec, 3 secs, 6secs, 

10secs, 15secs and 20 secs, the drop in resistance was noted as 9.05 ± 2.12 kΩ /sq.cm, 

7.03 ± 1.16 kΩ /cm2, 6.10 ± 0.83 kΩ /sq.cm, 5.68 ± 0.88 kΩ /sq.cm, 4.53 ± 0.30 kΩ 

/sq.cm, and 4.15 ± 0.2 kΩ /sq.cm, respectively. The average cumulative amount of drug 

transported through untreated skin (control) was found to be 6.45 ± 0.17 μg/sq.cm and 

increased to 116.08 ± 70.88 μg/sq.cm across microdermabrasion pretreated skin. In case 

of microneedle pretreatment, the transdermal delivery of sumatriptan succinate increased 

from 21.16 ± 2.90 μg/sq.cm to 512.07 ± 89.76 μg/sq.cm in 24 hours. The barrier 

impedance of skin reduced with increased number of passes for moving 

microdermabrasion and with increase in amount of time in case of stationary treatment. 

In vitro drug permeation studies demonstrated significantly enhanced transdermal 

permeation of sumatriptan succinate by pretreatment with microdermabrasion and 

microneedles. 

Introduction 

 

The anatomy of skin allows only a small amount of low molecular weight, 

lipophilic molecules to penetrate, and therefore only highly potent drugs may get 

delivered at therapeutic levels. The main barrier to transdermal transport is the stratum 
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corneum, which is the outer 10-15 μm layers of skin. The stratum corneum is composed 

of nonviable corneocytes that are surrounded by a lipid extracellular matrix. The viable 

epidermal and dermal layers beneath the stratum corneum typically offer much less 

resistance to drug transport. While skin is an excellent route for drug delivery and 

transdermal delivery can offer numerous advantages over conventional routes, the 

rationale for transdermal delivery needs to be carefully assessed. 

For sumatriptan succinate, its oral and IV form are the main line of treatment for 

migraines. IV sumatriptan succinate offers immediate and effective relief but requires a 

physician to administer. Most migraine attacks are accompanied by nausea, making the 

patient non-compliant to oral medication. The slow onset of action and low 

bioavailability due to first pass metabolism are other limitations of oral route. 

Transdermal delivery can by-pass first pass metabolism, making the drug more 

bioavailable, does not require a physician to administer and is more patient compliant 

when patient is nauseous. Sumatriptan succinate is a hydrophilic molecule hence its 

permeability is limited by the lipophilic stratum corneum of the skin. 

The advances in transdermal delivery depend on the ability to overcome the 

permeability barrier of skin, thereby widening the scope of drugs delivered to hydrophilic 

compounds. One such advancement is the cosmetic technique of skin rejuvenation or 

remodeling known as microdermabrasion. Microdermabrasion is one of the top five skin 
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rejuvenation procedures used in dermatological clinics dating back to the mid 1990s. Use 

of microneedles for skin rejuvenation is a much newer alternative that is rapidly gaining 

popularity because of its many benefits (87). To overcome the stratum corneum barrier 

and increase skin’s permeability to hydrophilic molecule, the stratum corneum can be 

pierced for injection or removed by stripping, ablation, or abrasion. Devices that pierce 

the stratum corneum involve the use of hypodermic needles, microneedles, or jet 

injectors. Stratum corneum removal can be done by tape stripping, but the procedure is 

time consuming and requires expert technique. Ablation utilizes energy generated by 

lasers or heating elements to remove the stratum corneum which can be painful, require 

technical assistance to administer and require some post treatment recovery time. 

Abrasion such as microdermabrasion uses sandpaper or pressurized particles, to 

remove the stratum corneum. Microdermabrasion is an FDA approved quick and painless 

treatment. Microdermabrasion damages the stratum corneum by bombarding it with 

abrasive particles, such as alumina or sodium chloride, under vacuum. This disruption of 

the stratum corneum makes the skin more permeable to hydrophilic molecules that are 

otherwise dermally limited (88, 89). 

Microneedles (MN), similar to microdermabrasion have been used for skin 

rejuvenation but are also being explored currently to enhance transdermal delivery of 

small and large molecules. The emergence of micromoulding manufacturing technology 

has allowed MN development in academic laboratories and pharmaceutical companies. 

Transdermal MNs create micron sized pores in the skin extending from the superficial 
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layer of skin into the dermis avoiding the pain nerves in the dermis to enhance delivery of 

the drug across the skin. Painless self-administration of the treatment increases patient 

compliance. While there are four categories of MN: hollow, solid, coated and polymer, in 

our study we used solid dissolving microneedles (maltose microneedles). These 

microneedles create micron sized holes in the skin and after doing so, the maltose 

dissolves in skin. The advantages of these microneedles is that there is no sharps waste as 

the microneedles dissolve (90). 

In the present study, we sought to explore the ability of both the skin resurfacing 

cosmetic modalities, to enhance the in vitro skin permeation of sumatriptan succinate 

across human dermatomed skin. As previously discussed, the stratum corenum forms the 

skin’s protective layer and is the rate limiting layer for dermal drug diffusion. Both 

techniques alter the skin’s barrier function by compromising the stratum corneum in a 

controlled manner, thereby reducing skin’s impedance and increasing permeability to 

molecules that have otherwise limited transdermal diffusion. The two pre-treatment 

techniques alter the stratum corneum, microneedle treatment pierces the stratum corneum 

to form microchannels whereas microdermabrasion peels the stratum corneum partially 

or entirely. The objective of our study included characterization of the effects these 

techniques exhibited over skin using visualization studies. As formerly reviewed, the 

convectional delivery of sumatriptan succinate has some limitations and can benefit from 

transdermal delivery. The hydrophilicity of the drug limits its dermal permeability hence 

in our study we investigate the use of the microdermabrasion and microneedle treatment 
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to significantly enhance its dermal diffusion and thereby providing an alternative route of 

delivery. 

Materials and Methods 

 

Materials 

 

Microneedles were purchased from Elegaphy Inc. (Tokyo, Japan) and Microclear vortex 

system for Microdermabrasion was gifted by Lasermax services, Inc., Atlanta, GA,US. 

Sumatriptan succinate was obtained from Sigma Aldrich (St. Louis, MO). Potassium 

dihydrogen phosphate, sodium hydroxide, phosphate buffered saline, were purchased 

from Fisher Scientific (Waltham, MA). HPLC grade acetonitrile were obtained from 

Medsupply Partners (Atlanta, GA). Dermatomed human skin was obtained from New 

York firefighters skin bank (New York, NY). 

Methods 

 

Images in this document are presented in color. 

 

Skin impendence assessment 

 

Skin electrical resistance measurements were used to determine the number of 

microdermabrasion treatments in moving mode, and the time of treatment (seconds) in 

stationary mode required to effectively remove the stratum corneum. Skin integrity for all 

skin samples used in this study were assessed before and after each microdermabrasion 

treatment. Human dermatomed skin was clamped between the donor and receiver 

compartments followed by the addition of 1X phosphate buffered saline to the donor and 

receptor compartment of the vertical Franz diffusion cell setup and allowed to equilibrate 
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for 15 minutes. Equilibration was followed by measurement of skin barrier impedance 

 

 

before (at 0 passes or 0 time) and after each treatment (1, 10, 30, 50, 80, 100 passes and 
 

after 1, 3, 6, 10, 15, and 20 seconds) by applying a 100 mV voltage at 20 MHz. Silver 

electrode was placed in the receptor compartment, silver chloride electrode was placed in 

the donor compartment, and a load resistor was connected in series with skin. The 

resulting voltage was measured by a waveform generator and read by a digital 

multimeter. Skin samples that offered resistance less than 2 kU/cm2 before treatment 

were replaced. Skin samples that show resistance in the range of 10-40 kU/cm2 prior 

treatment will be used for the studies. 

Microneedle and microdermabrasion treatment 

 

Skin samples (n>3) will be treated with microneedles or microdermabrasion prior 

to in vitro permeation studies. Maltose microneedle array of 500μm length will be placed 

on the skin sample for 1min prior to mounting on Franz cells for the treatment group. 

The microdermabrasion machine works by placing a handpiece on the skin, which 

occludes the opening of the plastic tip to create a vacuum. Upon tip occlusion, the 

crystals flow from the machine into the inlet port and abrade the skin. At the same time, 

the skin debris and used crystals are shunted back through the outlet port to the machine 

and collected in a waste container. This closed-loop system prevents cross-contamination 

between patients and exposure of medical personnel. The procedure is noninvasive, 

painless, and short, and requires no down time for recovery (89). 
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Microdermabrasion treatment in our study was performed using microclear vortex 

system. Aluminum oxide crystals bombard the surface of skin at a vacuum pressure of 15 

mmHg as the hand piece moves along the skin surface at the rate of three seconds per 

pass. For the stationary mode, hand piece was held over the skin surface for the required 

amount of time. 

Visual characterization Studies 

 

The effects of microneedles on skin and the resulting microchannels generated 

were examined using multiple visual characterization studies. These included histological 

evaluation, PPI calcein imaging for assessing uniformity of pores and, methylene blue 

dye binding to enhance viewing of the treated skin samples via ProScope HR imaging 

studies. 

Dye Binding Studies 

 

Maltose microneedle array of 500μm length was placed on the skin with minimal 

pressure for 1min. Microneedle treated skin was placed on a layer of parafilm, followed 

by application of methylene blue hydrophilic dye over the treated area for 2 min. Excess 

dye was cleaned off with sterile wipes and viewed under a handheld high-resolution 

ProScope HR digital microscope (Bodelin Technologies, Wilsonville, OR). The device 

was then connected to a computer and the images were captured using the ProScope HR 

software. 
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Pore Uniformity and Pore Permeability Index (PPI) Analysis 
 

Calcein fluorescent hydrophilic dye was applied onto the microneedle treated area 

of skin for 2 min. Images were immediately captured using a fluorescent camera (Nikon 

camera integrated with a macrolens and 525-nm long pass filter; Canon, Inc., Tokyo, 

Japan). Further analysis of the images was conducted by fluoropore software. The 

software measures the fluorescent intensity around each pore to calculate a value called 

PPI and generates a histogram. 

Histological evaluation 

 

Post microneedle treatment, the skin samples were fixed in optimal cutting 

temperature compound media (Tissue Tek®; Sakura Finetek USA, Inc., Torrance, CA) 

and stored at 80C for further analysis. The following day, the frozen optimal cutting 

temperature fixed skin samples were cryosectioned into 10 mm sections using a cryostat 

(Microm HM 550; Thermo Fisher Scientific, Inc.) and placed on a polylysine-coated 

glass slide. The sections were then observed under a microscope (Leica DM750) at 10X 

and 40X. Images were taken using a Nikon Eclipse E600 camera coupled with the 

microscope. Similar to microneedle treated skin histological evaluation, the skin samples 

treated with microdermabrasion were sectioned and fixed. These samples were further 

stained by H & E staining to further observe the histological changes post treatment. 

After staining the samples were observed similar to the microneedles samples. 
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In vitro transdermal permeation 
 

Preliminary studies demonstrated low passive permeation of sumatriptan 

succinate across human dermatomed skin due to the drug’s hydrophilicity. Consequently, 

it was established that physical enhancement techniques like microneedle treatment and 

microdermabrasion can breach the stratum corneum and allow the transdermal diffusion 

of hydrophilic drug that are otherwise limited. Drug permeation with a control or passive 

group (n>3) without microneedle or microdermabrasion treatment were analyzed 

simultaneously to the treated samples. In vitro permeation was performed with 

dermatomed human skin to compare microneedle or microdermabrasion treated skin 

permeation over passive (without microneedle/microdermabrasion treatment) permeation 

of sumatriptan succinate. Vertical Franz diffusion cells were used in the experimental 

setup and the skin (with and without treatment) clamped between donor and receptor. The 

donor contains 100 μL of 40 mg/ml of sumatriptan succinate in 1X PBS and the receptor 

will hold 5ml of 1X PBS (pH 7.4). Receptor samples were drawn periodically over 24 

hours and drug levels quantified by RP-HPLC. 

HPLC quantification 

 

Sumatriptan succinate was detected at a wavelength of 227 nm using a Thermo 

Scientific Hypersil GOLD C4 (250 _ 4.6 mm, 5 mm) column (Thermo Fisher Scientific, 

Inc., Waltham, MA). Isocratic elution was carried out with mobile phase of 65% 

acetonitrile and 35% of 20 mM potassium dihydrogen phosphate buffer (containing 2.7% 

wt/vol of potassium dihydrogen phosphate) adjusted to pH 6 with 0.1 M sodium 
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hydroxide at a flow rate of 1 mL/min and an injection volume of 20 mL. An Alliance 

HPLC Waters 2695 Separations Module attached to a Waters UV Detector system was 

used for the analysis of sumatriptan succinate. The calibration curve was linear (r2 = 

0.99) and in the concentration range of 0.1-100 mg/ mL (linearity). 

Statistical analysis 

 

F test was used to find the variance between two groups (passive and treated 

group). Followed by a comparing means unequal/equal variances T test was used to 

determine significant difference between the groups. 

Results and Discussion 
 

Skin impendence assessment 

 

The average electrical resistance offered by skin before microdermabrasion 

treatment was observed at 34 ± 5.44 kΩ /cm2 and that after 1 pass, 10 passes, 30 passes, 

50 passes, 80 passes and 100 passes of treatment reduced to 23.75 ± 3.58 kΩ /cm2, 10.93 

± 1.95 kΩ /cm2, 5.15 ± 0.56 kΩ /cm2, 4.65 ± 0.42 kΩ /cm2, 4.28 ± 0.33 kΩ /cm2, and 3.98 
 

± 0.46 kΩ /cm2 respectively. The most dramatic reduction in electrical resistance was 

observed after 30 passes in moving mode of microdermabrasion, after which the 

resistance of skin did not significantly vary by increasing the treatment passes. Hence, 30 

passes were chosen for the treatment group to perform further in vitro permeation 

analyses. In case of stationary mode of treatment, the average electrical resistance offered 

by skin before microdermabrasion treatment was observed at 11.20 ± 2.64 kΩ /cm2 and 

that after 1 second, 3 seconds, 6 seconds, 10 seconds, 15 seconds and 20 seconds of 
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stationary mode of treatment reduced to 9.05 ± 2.12 kΩ /cm2, 7.03 ± 1.16 kΩ /cm2, 6.10 
 

± 0.83 kΩ /cm2, 5.68 ± 0.88 kΩ /cm2, 4.53 ± 0.30 kΩ /cm2, 4.15 ± 0.24 kΩ /cm2
 

 

respectively. The most dramatic reduction in electrical resistance was observed after 6 

seconds in stationary mode of microdermabrasion, after which the resistance of skin did 

not significantly vary by increasing the treatment passes. Hence, as the number of passes 

in moving mode and number of seconds in stationary mode increased, the skin’s 

electrical resistance reduced indicating skin was being compromised with each treatment 

as shown in Figure 6A. and Figure 6B. It can also be inferred that the 6 second stationary 

mode treatment and 30 passes of moving mode treatment demonstrated similar electrical 

resistance measurements indicating the extent to which the stratum corneum is 

compromised is comparable. 
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Figure 6.A. skin resistance versus microdermabrasion in moving mode B. skin resistance 

versus microdermabrasion in static mode. 

 

 

 

 
Visual characterization studies 

 

Visual characterization studies were performed to ensure maltose microneedles 
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Dye binding studies use hydrophilic methylene blue dye to stain the area that is treatment 

by microneedles as shown in Figure 7A. The microchannels created by the microneedles 

are hydrophilic in nature and allow the hydrophilic methylene blue dye to diffuse into 

these channels to appear as blue dots. Pore uniformity and Pore Permeability Index (PPI) 

with calcein imaging further confirmed the generation of microchannels by microneedle 

treatment and measured the uniformity of the microchannels created. The area of the skin 

treated with microneedles took up fluorescent calcein dye, whereas the rest of the skin 

remained impermeable. Calcein dye, similar to methylene blue, is a hydrophilic dye and 

hence enters the hydrophilic microchannels, making them visible due to fluorescence of 

the dye. Fluorescent intensity of calcein dye in each microchannel represented the 

relative amount of calcein that diffused through each microchannel as shown in Figure 

7A. The fluorescence in the captured images (Figure 7B.) was further analyzed by 

fluoropore software to generate a histogram and a value known as PPI was calculated. 

Fluorescent intensity of 78 microchannels was measured and the mean PPI was found to 

be 27.1 ± 17.69. The histogram shown in Figure 7B. indicated that the distribution was 

uniform and the microchannels created were uniform. Histological characterization 

demonstrated formation of microchannel from the stratum corneum in to the epidermis as 

shown in Figure 7C. 

Histological evaluation of microdermabrasion treated skin was performed to 

observe the histological changes when skin is treated with microdermabrasion. As shown 

in Figure 8A., stratum corneum in certain areas is lifted off showing skin has been 
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breached upon microdermabrasion treatment. As the number of treatment increased, the 

degree to which the stratum corneum was removed increased to a point where the entire 

stratum corneum was removed as shown in Figure 8B. 

 

 

 
 

Figure 7. Visual characterization of microneedles over human skin. A. Stereomicroscope 

image after microneedle treatment of human dermatomed skin and application of 

methylene blue dye. The image is magnified at 1000 microns by Proscope HR. B. 

Visualization and uniformity of microchannels created by microneedle treatment of 

human dermatomed skin. C. Histological image of human dermatomed skin showing a 

microchannel. 
 

 

 

 

 
 

Figure 8. H & E stained histological evaluation of microdermabrasion treated skin. 

Dotted rectangles indicate the area of the stratum corneum being removed. A. Represents 

histological image of skin treated with few passes of microdermabrasion. B. Represents 

histological image of skin treated with multiple passes of microdermabrasion. 
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In vitro permeation studies 
 

The cumulative amount of sumatriptan permeated across the skin into the receptor 

using microneedle pretreatment in 24hours was found to be 512.07 ± 89.76 μg/sq.cm and 

that by passive permeation (without microneedle treatment) was found to be 21.16 ± 2.90 

μg/sq.cm. There was a statistically significant difference (p < 0.05) found between 

passive permeation and microneedle treated skin permeation of sumatriptan succinate. 

The most dramatic reduction in electrical resistance of skin was observed after 30 passes 

of microdermabrasion treatment, after which the resistance of skin did not significantly 

vary by increasing the treatment passes. Hence 30 passes were chosen for the treatment 

group to perform in vitro permeation analyses. The average cumulative amount of drug 

transported through untreated skin (control) was found to be 6.45 ± 0.17 μg/sq.cm and 

increased to 116.08 ± 70.88 μg/sq.cm in microdermabrasion pretreated skin as shown in 

Figure 9. In both microneedle and microdermabrasion studies, the passive permeation 

(untreated/intact skin) results differed since the skin donor differed and the studies were 

run on different days. The results from both the studies demonstrate a low passive 

permeation. The enhancement achieved by microneedle pre-treatment was greater than 

with microdermabrasion treatment. This can be attributed to the difference in the way 

these treatments abrupt the stratum corneum. Microneedles, make precise microchannels 

while microdermabrasion removes few to several layers of the stratum corneum 

depending on the number of treatments, the precision of the latter is harder to control. 
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Several previous studies have demonstrated the efficiency of microdermabrasion and 

microneedle treatment to increase transdermal delivery of low molecular weight 

compounds as well as macromolecules (88, 89, 91). Our study is the first of its kind to 

use these well established techniques to enhance transdermal delivery of sumatriptan 

succinate. 

Visual characterization studies such as dye binding, PPI and histological 

evaluation of microneedle treated skin demonstrated the presence of microchannels and 

these studies further validate the enhanced permeation seen in our study. Histological 

evaluation of microdermabrasion treated skin versus intact skin shows the part removal of 

the stratum corneum, further validating our results of enhanced permeation with 

microdermabrasion pre-treatment. 
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Figure. 9. Permeation of Sumatriptan succinate with and without cosmetic pretreatment 

across human dermatomed skin over 24 hours. A. Demonstrates the enhancement in 

transdermal permeation of sumatriptan succinate with pre-treatment with microneedles 

compared to no pre-treatment (passive). B. Demonstrates the enhancement in transdermal 

permeation of sumatriptan succinate with pre-treatment with microdermabrasion pre- 

treatment compared to no pre-treatment (passive). 

 

 

Conclusion 

 

Microneedle and microdermabrasion treatment significantly enhanced 

transdermal permeation of sumatriptan succinate over that achieved by passive 

transdermal permeation of the same. The barrier impedance of skin reduced with 

increased number of passes and time of microdermabrasion. Visual characterization 

studies of microneedle treated skin and histological evaluation and skin resistance studies 
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of microdermabrasion treated skin show disruption of the stratum corneum. These results 

validate the mechanisms of these treatments and further support the transdermal 

enhancement we observe in the present study. 
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CHAPTER 5 

 

TRANSDERMAL FORMULATION OF 4-BENZYLPIPERIDINE FOR 

COCAINE-USE-DISORDER 
 

Abstract 

 

Cocaine-use disorder is a major public health problem, yet there is no FDA 

approved treatment. The distinguished preclinical efficacy of 4-benzylpiperidine as 

substitute agonist for cocaine-use-disorder along with the therapeutic benefits of 

transdermal delivery, make it an excellent candidate for transdermal delivery. The 

purpose of this study was to investigate the in vitro transdermal delivery of 4- 

benzylpiperidine across dermatomed human skin. Gels were formulated with varying 

amount of gelling agent and subjected to rheological analysis. Franz cells were used to 

investigate the in vitro permeation. Transdermal permeation of 4-benzylpiperidine from 

propylene glycol solution (1, 10, 20 and 50 mg/ml) corresponded to 16% to 31% delivery 

(49.45  11.60, 258.47  48.50, 600.26  74.18, 1945.20  405.59 g/cm2). The average 

 

cumulative amount of drug delivered from gel formulation was 1824.90 ± 425.12 µg/cm2. 

Thixotropic test demonstrated 2% hydroxyl propyl cellulose based gel to have the highest 

structure recovery ratio. The calculated theoretical permeability coefficient and 

theoretical flux value (32.637 ug/cm2/h) predicted high percutaneous absorption. This 

was further validated by the experimentally determined permeability coefficients and flux 
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values (62.73 ± 12.14 ug/cm2/h), demonstrating proficient transdermal delivery of 4- 

benzylpiperidine. 

Abbreviations: HPC, hydroxyl propyl cellulose; RP-HPLC, reverse phase high 

performance liquid chromatography; LVR, Linear viscoelastic region; MTT, 3-(4,5- 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Kp, permeability coefficient; 

PBS, phosphate buffered saline; PG, propylene glycol; SD, standard deviation 

Keywords: 4-benzylpiperidine, gel, permeation, rheology, transdermal, permeability 

coefficient 

Introduction 
 

Cocaine-use disorder is a significant and insidious public health problem, with 1.5 

million Americans reporting current cocaine use in 2014 (92). Despite evidence for 

sustained prevalence, clinical harm, demand for treatment along with the decades of 

research, currently there are no FDA-approved pharmacotherapies to treat cocaine-use 

disorder (93-95). Previous attempts to develop a medication for cocaine-use disorder have 

focused largely on substitute agonist approaches. Substitute-agonist therapies mimic key 

aspects of the abused drug to reduce craving and withdrawal and promote abstinence. The 

goal of such agonist-based pharmacotherapies is to use a medication that has similar 

pharmacological effects to that of the abused drug, while providing slower onset over 

abused drug to reduce abuse liability, and prolong the duration of action to promote 

compliance (96). Research over the last decade has suggested that this substitute agonist- 

based strategy may be useful in treating cocaine-use disorders (97-98). 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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Substance-use disorders can be treated in two ways, by reducing the drug-taking behavior 

and by reallocation of behavior towards a healthier alternative. Pharmacotherapy can 

promote this behavioral reallocation in multiple ways. The simplest would be to use 

antagonist that prevents the abused drug from reaching the brain for example, with 

vaccines that promote rapid peripheral metabolism of the abused drug or from reaching 

target receptors in the brain. Naltrexone is one such antagonist medication approved for 

treatment of opioid-use disorders. However, compliance has been a significant obstacle to 

its use and antagonist approaches have not yet succeeded as viable pharmacotherapies for 

cocaine-use disorder. On the other hand, agonist medications have shown success due to 

the overlap in pharmacodynamic mechanisms. Maintenance therapy with agonist 

medications can reduce the effects of the abused drug by competing with the abused drug 

for its receptors and/or by producing cross tolerance at those receptors. Agonist 

medications can function as effective reinforcers in patients, and as a result, promote 

compliance. Additionally, agonist medications can alleviate withdrawal signs that 

contribute to relapse. The pharmacokinetic characteristics of agonist medications allow 

for safer routes of administration such as oral, sublingual and transdermal than the 

intravenous or smoked routes commonly employed in drug abuse (99). 

For other highly abused insidious drugs such as heroin, substitute agonist therapy 

as a maintenance strategy has been successful for addiction treatment (100-101). FDA- 

approved substitute-agonist therapies for substance-use disorders include methadone, 

buprenorphine, varenicline, and transdermal and buccal formulations of nicotine. It was 
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the relative success of these medications for treatment of substance-use that stimulated 

initial research on potential of agonist medications to treat cocaine dependence (99). 

Strengths of this approach include the clinical success of these agents, better compliance, 

reduced withdrawal and craving, and excellent efficacy profiles in preclinical models. 

Weaknesses include the risk of toxic drug interactions during relapse and diversion for 

abuse. These weaknesses of conventional dosage forms can be mitigated through 

transdermal formulation of the substitute agonist. Transdermal formulation provides slow 

and sustained drug delivery. Slow drug onset can reduce abuse potential and long 

duration of action can reduce the frequency of required treatment leading to better 

compliance and reduce problematic neuroadaptations to the severe oscillations in drug 

levels that often occur with drug abuse. Further, transdermal formulation can be abuse 

deterrent as it is harder and more time consuming to extract drug over a pill or tablet 

(102). 

In the central nervous system, psychomotor stimulants such as cocaine interact 

with monoamine neurons, including dopamine, serotonin and norepinephrine, with 

varying selectivity. At their presynaptic terminals, these neurons express specialized 

plasma membrane proteins that transport these neurotransmitters from the extracellular 

space back into the cytoplasm, thus inactivating neurotransmitter signaling (103). Drugs 

that interact with these transporters can be categorized as either reuptake inhibitors or 

substrate-type releasers, based on their mechanism of action. Cocaine is a nonselective 

reuptake inhibitor of all three monoamine transporters (104, 105). The behavioral effects 
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of cocaine associated with its abuse liability have been attributed primarily to its actions 

at the dopamine transporter (DAT) (106), which has been confirmed in rodent, nonhuman 

primate, and human studies. Positive correlations between the in vitro potency of cocaine 

analogs at DAT binding and their in vivo potency in producing locomotor-stimulant 

effects in rodents (107, 108) as well as cocaine-like behavioral effects in squirrel 

monkeys (104, 109, 110) has been established. The relevance of the DAT in the abuse 

liability of cocaine has been supported further by neuroimaging studies in human cocaine 

users. These studies showed a significant correlation between the level of DAT 

occupancy and the magnitude of the subjective high following administration of cocaine 

(111) or the DAT inhibitor methylphenidate (112). Despite these findings, mice lacking 

the DAT still self-administered cocaine (113) and exhibited cocaine-induced conditioned 

place preference (114). These results suggest that, while dopamine plays a major role in 

the abuse-related effects of cocaine, other monoamine system have important modulatory 

role in these effects. 

4-benzylpiperidine is a phenethylamine substrate-based dopamine/norepinephrine 

(DA/NE) releaser. Although there are many targets for cocaine-use disorder that have 

been identified, substitute agonists that function as substrate-based DA/NE releasers have 

demonstrated the most promising efficacy in preclinical models and double-blind placebo 

controlled clinical trials (115, 116). Researchers have previously demonstrated the 

efficacy of DA/NE selective substrate-based releasers (117- 121) to decrease cocaine vs. 

food choice in nonhuman primates. This is a highly reproducible finding across DA/NE 
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selective releasers, with phenmetrazine, phendimetrazine, and 4-benzylpiperidine all 

shown to be effective in cocaine vs. food choice during 7-day continuous treatment 

experiments (122). 

4-benzylpiperidine has shown to be effective in preclinical models as a substitute 

agonist for cocaine use disorder but has a rapid onset of action, producing its peak effects 

within 10 min of administration, and a short duration of action of 10 to 30 min. Since the 

value of an agonist medication lies in its ability to target pharmacological receptors to 

produce effects for a long duration of time with slower onset and thereby reducing 

cravings for cocaine consumption while ensuring lower toxicity than produced by 

cocaine use, it is important to sustain the duration of action of 4-benzylpiperdine and this 

can be achieved by transdermal drug delivery. The small molecular weight (175), 

moderate lipophilicity (log P 2.924) and low melting point (6-7 °C) of 4-benzylpiperdine 

make it an excellent candidate for transdermal drug delivery (123). Considering its 

distinguished preclinical efficacy in human-relevant animal models and the therapeutic 

benefits of transdermal delivery of substitute agonists for cocaine-use disorder, in the 

present study our aim was to investigate the in vitro transdermal delivery of 4- 

benzylpiperidine over dermatomed human skin. The study was further extended to 

include the formulation, rheological evaluation and transdermal delivery of a hydroxyl 

propyl cellulose based gel of 4-benzylpiperidine. This is the first of its kind study that 

reports the transdermal delivery of 4-benzylpiperdine over dermatomed human skin. 
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Materials and methods 
 

Materials 
 

4-Benzylpiperidine was obtained from Sigma Aldrich (St. Louis, MO, USA). 

Acetonitrile and Phosphate Buffered Saline (PBS) were purchased from Fisher Scientific 

(NJ, USA). Hydroxy propyl cellulose (HPC) (KlucelTM) was procured from Ashland 

(Covington, KY, USA). EpiDerm™ skin irritation kit (OECD TG 439) was purchased from 

Mattek Corporation (Ashland, MA, U.S.A). De-ionized water was used to prepare all 

solutions required in this study and for HPLC analysis. 

Methods 

 

Images in this document are presented in color. 

 

Permeability coefficient determination 

 

Theoretical permeability coefficient was calculated using the Guy Potts equation 

Eq. 1: Log Kp= -2.7+1.7* log P-0.0061*MW; 

where Kp is the permeability coefficient, P is the octanol-water partition coefficient and 

MW is the molecular weight (124). Theoretical maximum drug flux (Jmax) across the skin 

was calculated from Kp × saturation solubility (intrinsic solubility) of drug in water (125). 

The experimental permeability coefficient was calculated by using equation 

Eq. 2: Kp= J⁄C X A; 

where J is the flux at steady state (mg/h), Kp is the permeability coefficient (cm/h), C is 

the concentration in the donor (μg/cm3), and A is the diffusion area (cm2) of the drug, 

which in our study was constant (0.64 cm2). The steady state flux (J) was determined 
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from the slope of the linear portion of the average cumulative amount versus time plot. 

The time required to reach steady state is called the lag time. The lag time was 

determined by extrapolating the linear portion of permeation vs. the time curve to the 

time axis (126). 

Formulation of 4-benzylpiperidine hydrogels 

 

4-benzylpiperdine gels were formulated using three different concentrations 

(1.5%, 2%, 4%) of gelling agent (HPC). 4-benzylpiperdine was initially dissolved in 

propylene glycol (PG) and then dissolved in water. HPC powder was slowly added to the 

vortex of agitated water containing drug in PG at room temperature (<35°C). Addition of 

HPC powder was slow enough to not form lumps but was completed before any 

appreciable viscosity buildup was achieved in the solution. The rate of agitation was then 

reduced, but continued until a gel consistency was formed (127). All gels contained 2g of 

drug in 20g of gel. The composition of the three gels is presented in Table 1. 

 
 

Table 1. Compositions of 4-benzylpiperidine hydrogels with varying amounts of HPC 

(gelling agent). 
 

Ingredients 1.5% HPC gel (g) 2% HPC gel (g) 4% HPC gel (g) 

HPC 0.3 0.4 0.8 

Water 5 5 5 

Drug 2 2 2 

PG 12.7 12.6 12.2 
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Rheological assessment 
 

The hydrogels were then subjected to rheological analysis using a rheometer 

(Rheoplus/32 V3.62, Anton Paar Germany GmbH, Germany) to assess the flow 

properties and structural stability of the hydrogels to determine the gel composition with 

the optimal properties. This was achieved by performing rotational and oscillatory tests 

of the hydrogels at 320 C using a parallel-plate spindle (PP 25/S) with the diameter of 

24.99 mm and a gap of 100 μm maintained between the plates. For all the tests, enough 

hydrogel to cover the lower plate was applied, and when the parallel plate spindle touches 

the gel with zero gap the excess gel is wiped off. Between each gel assessment, the plate 

was cleaned with 75% ethanol and wiped dry (128). 

Flow curves 

All the hydrogels were subjected to shear at an increasing rate of 0 to 100 s-1 and 

the viscosity versus the resulting shear rate rheograms were plotted. The data obtained 

was then fit in to the Herschel–Bulkley model: τ = τy + Kγn by the rheoplus software in 

built in the rheometer. In the Herschel–Bulkley model, τ represents shear stress (Pa), τy 

the yield stress (Pa), K the flow consistency index (Pa.sn), γ the shear rate (0 to 100 s-1) 

and n the flow behavior index (129). The values of shear stress, yield stress, flow 

consistency index and flow behavior index were recorded for all the hydrogels. 

Amplitude sweep 

 

The hydrogels were subjected to an increasing strain of 1 to 100 % at a constant 

angular frequency (10 rad/s). The resulting storage modulus (G’) and loss modulus (G”) 
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rheograms versus the increasing strain (1-100%) were plotted on logarithmic scale. The 

linear viscoelastic region (LVR) of the hydrogels was recorded and used to choose the 

strain value to be applied for the subsequent frequency sweep and thixotropy oscillation 

tests. 

Frequency sweep 

 

The LVR obtained from the amplitude sweep test was used to set the constant 

strain (1% for the 1% gel and 5% for the 2% and 4% gels) for the gels in the frequency 

sweep test. Hydrogels were exposed to an increasing angular frequency of 0.1 to 100 

rad/s at the predetermined constant strain. Similar to the amplitude test curve, a 

logarithmic rheogram of G’ and G” were plotted against the increasing frequency. 

Thixotropy oscillation 

 

Similar to frequency test, the LVR obtained from the amplitude sweep test was 

used to set the constant strain (1% for the 1% gel and 5% for the 2% and 4% gels) for the 

hydrogels in the oscillatory thixotropic test. Periodic changes in shear rate of 10 s-1 for 

100 s followed by 3000 s-1 for 15 s followed by at 10 s-1 for 100 s was applied on all the 

gels and the resulting structural recovery ratio was recorded. The test evaluates the effect 

of high shear on the structural breakdown and ability to rebuild upon structural 

breakdown behavior of the hydrogels. 
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Skin preparation 
 

Dermatomed human skin obtained from New York Firefighters skin bank (New 

York, USA) was stored at -800C. Prior to in vitro permeation studies; dermatomed human 

skin was thawed in 10 mM PBS solution and cut into appropriately sized pieces. 

Skin electrical resistance and thickness measurement 

 

Skin integrity of all dermatomed human skin samples used in the interventions 

was measured prior in vitro permeation. Skin samples were clamped between a receptor 

compartment containing 5 ml 10 mM PBS and donor compartment containing 500 μl of 

10 mM PBS of the vertical Franz diffusion cell setup and allowed a 15minute 

equilibration time. Equilibration was followed by assessing skin impedance by dipping 

the silver chloride electrode in the donor compartment and the silver electrode in the 

receptor compartment and applying a 100 mV voltage at 20 MHz and a load resistor (RL) 

was connected in series with skin (VS). The resulting voltage was measured by a 33220A 

function/arbitrary waveform generator (V0) and read by a 34410A 61/2 digital multimeter 

(Agilent Technologies, Newark Element 14, Palatine, IL, USA). Skin resistance (RS) was 

calculated using the formula: RS =VSRL/(VO–VS), where, RL and VO were set at 100 kΩ 

and 100 mV, respectively (2). Skin samples that had a resistance of 2 kΩ/cm2 or less were 

discarded and replaced with new skin sample. Dermatomed human skin (New York Fire 

Fighters, NY, USA) was tested for thickness using material thickness gauge (0-1in/0- 

25mm, Electromatic Equipment Co., Inc. Cedarhurst, NY, USA) 
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In vitro permeation study 
 

The transdermal permeation of 4-benzylpiperidine through human dermatomed 

skin was studied using in vitro vertical static Franz diffusion cells (PermeGear, 

Hellertown, PA, USA). Each Franz cell (n≥3) comprised of a donor compartment into 

which the drug solution or gel was added, a receiver compartment with 5ml of 10 mM 

PBS (pH 7.4) and human dermatomed skin of an effective surface area of 0.64 cm2 was 

clamped between the two compartments. The donor compartments were exposed to room 

temperature while the receiver compartments were maintained at 37±1 °C and 

continuously stirred to maintain sink conditions. For testing the effect of concentration on 

permeation, a donor concentration of 100μL of 1mg/ml, 10mg/ml, 20mg/ml, and 

50mg/ml of 

4-benzylpiperdine in PG were added in to donor compartment and samples were 

drawn at regular intervals from the receiver compartment over 24 hours. In vitro 

permeation of 4-benzylpiperdine from gel formulation was performed similarly by adding 

100 mg of the gel containing 10 mg of drug into the donor compartment and samples 

were withdrawn at regular intervals over 24 hours. Amount of drug release from PG 

solution and gel formulation and permeated through the skin into the receiver 

compartment of the Franz cells was detected by High Performance Liquid 

Chromatography (HPLC). 
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Skin irritation studies 
 

Skin irritation test was performed with in vitro EpiDerm 3D human tissue model 

to predict the irritation potential of topically applied 4-benzylpiperidine in PG solution 

and the 4-benzylpiperdine incorporated hydrogel formulation. The test was performed 

over 3 consecutive days with day 1 being the same day as the test was received. On day 

1, the EpiDerm tissues in the kit were conditioned by incubation to release transport- 

stress related compounds and debris overnight. Post pre-incubation, tissues were topically 

exposed to 4-benzylpiperdine in PG solution for 60 minutes. Three tissue replicates were 

used per test chemical and for the positive control and negative control. The tissues were 

then thoroughly rinsed, blotted to remove the test chemical, transferred to fresh medium 

and incubated for 18 hours. Incubation was followed by the MTT assay. The assay was 

performed by transferring the tissues to 96-well plate containing MTT medium with a 3- 

hour incubation time. Post incubation, the blue formazan salt formed by cellular 

mitochondria is extracted with isopropanol and the optical density of the extracted 

formazan was determined using a spectrophotometer at 570 nm. Similar protocol was 

followed to test the skin irritation potential of 4-benzylpiperidne incorporated hydrogel 

formulation. Relative cell viability was calculated for each tissue as % of the mean of the 

negative control. The skin irritation potential of 4-benzylpiperdine in PG solution and 4- 

benzylpiperdine hydrogel was predicted based on if the remaining relative cell viability 

was below 50% (131,132). 
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Quantitative analysis and method validation 

Quantitative analysis of 4-benzylpiperidine was carried out on HPLC Waters 

2695 Separation Module attached to a Waters 2996 photodiode array detector. A prodigy 

5u ODS (2) 150x4.60 mm 5-micron column was used at 250C. Samples (20 uL) was 

injected into the column at flow rate of 1.0 mL/min using mobile phase of acetonitrile 

and deionized water (0.05% v/v TFA) in gradient mode. Percentage of acetonitrile 

increased from 10% to 80% from 0 to 8 min, remained at 80% till 13 min, then decrease 

to 10% at 13.01 min and maintained at 10% till 15 min. Drug detection wavelength was 

259 nm while the retention time was 5.5 min. The HPLC method was sensitive, accurate 

and reliable (Linear range of 0.5-350 ug/mL, R2=0.999). 

Results and discussion 

 

Permeability coefficient 

 

Permeability coefficient (Kp) is a measure of the transport of a molecule from a 

vehicle across skin. Theoretical permeability coefficient is a parameter describing the 

intrinsic, concentration-independent, ability of a molecule to cross the stratum corneum 

barrier. Permeability coefficient values of drug are increasingly important when its 

dermal delivery has not been previously investigated. To the best of our knowledge, 

percutaneous absorption studies or predictions for 4-benzylpiperidine has not been 

reported and this study is the first of its kind to report the same. Most mathematical 

models used to estimate drugs permeability coefficients recognize the importance of the 

drug partitioning across skin lipids and the molecular size. Among these models, the most 
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widely used was derived by Russel Potts and Richard Guy. The Guy Potts equation 

accounts for the physiochemical properties of the drug such as log P and molecular 

weight. Since log P and molecular weight of a drug are constant, the calculated Kp of the 

drug will also remain constant unlike experimental Kp that varies with formulation and 

concentration of the drug (133). The theoretical permeability coefficient of 

4-benzylpiperidine calculated by Guy Potts equation using log P and molecular weight 

values from literature (Table 3.) was 20.3 x 10 -3 cm/h. In this study, we used spartan and 

chemicalize software to calculate log P, molecular weight. The molecular weight of the 

drug generated by spartan and chemicalize was same as the literature value but the log P 

values differed by 0.4. Using the same Guy Potts equation but replacing literature values 

with the values obtained by Spartan (Table 3.), the Kp was calculated as 10.1 x 10 -3
 

cm/h. These calculated theoretical Kp values differ since the log P values differ. Both the 

calculated theoretical Kp values are high and hence predict high percutaneous absorption 

of the drug. This is not particularly remarkable since the drug is moderately lipophilic 

with a smaller molecular weight aids and these characteristics are considered ideal for 

transdermal delivery. In percutaneous absorption studies the potency of penetration of the 

drug is described by the permeability coefficient Kp. The theoretical Kp value based on 

the physiochemical properties of the drug gives an insight into its ability to passively 

permeate stratum corneum and epidermis. The ability to predict percutaneous penetration 

of a drug based on these physicochemical characteristics would potentially enhance 

dermal drug development by decreasing the need for excessive in vitro and in vivo animal 
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and human skin penetration studies (134). 
 

While Guy Potts equation helps predict the percutaneous absorption of a drug, 

from a therapeutic and toxicological perspective, the maximum flux of the drug (Jmax) is 

of higher significance than the permeability coefficient. It correlates directly with the 

maximum dose deliverable over a given period. The maximum flux at which a chemical 

can cross a unit area of skin, is theoretically achieved when it is maintained as a saturated 

solution on the surface. The combination of the drug’s skin permeability coefficient and 

aqueous solubility of nonionic compounds will afford a straightforward method for 

assessing the percutaneous absorption potential of new compounds in terms of the 

maximum flux. Hence, Jmax employs the use of physiochemical properties of the drug 

and the intrinsic solubility of drug in water to predict the drug’s percutaneous absorption. 

The predicted Jmax of 4-benzylpiperidine across the skin was calculated as 32.637 

ug/cm2/h. Water solubility (3.12 mg/ml) and Kp (10.4 x 10-3 cm/h) values were calculated 

using chemicalize (MarvinSketch: version 6.2.2, ChemAxon, Hungary, Europe). When 

skin permeation measurements are not available, this model can readily provide initial 

estimates of maximum transdermal flux and thereby predict the potential success of a 

drug for transdermal delivery. Concurring with the calculated theoretical permeability 

coefficient of the drug, the calculated maximum flux of the drug also indicates high 

percutaneous absorption, validating the drug to be an excellent transdermal candidate 

(133 and 134). Early quantitative structure-activity relationship studies to predict skin 

permeation of chemicals demonstrate a linear correlation between hydrophobicity and 
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permeability (135 and 136). Patel et al. demonstrated the effects of hydrophobicity, 

molecular size and the hydrogen bonding capability of a molecule affect its ability to 

permeate skin (137). In addition, Lipinski’s Rule of Five proposed by Chris Lipinski to 

predict the permeability of molecule across skin also supports the influence of 

hydrophobicity and molecular size on permeability (138). Melting point of the permeant 

also plays an important role in determining its percutaneous absorption. As Koct (log P) 

increases, the aqueous solubility decreases, and the lower the melting point, the higher 

the solubility. It is observed that compounds which diffuse through the skin most readily, 

are those having log P around 2 and a low melting point (139). 4-benzylpiperidine is a 

liquid at room temperature with a low melting point of 6-7 C (obtained from 

chemicalize). Compounds such as nicotine and nitroglycerine like 4-benzylpiperidine are 

liquids at room temperature, small molecular weight and lipophilic and have 

demonstrated to be successful transdermal candidates with commercially viability. As 

previously discussed, Guy and Potts’s model and maximum flux models affirm the 

influence of hydrophilicity of the drug on its in vitro percutaneous absorption across 

excised human skin. All these theories and models authenticate that the permeants that 

are best absorbed through the skin are therefore small and moderately lipophilic. In our 

current investigation, 4-benzylpiperidine satisfies all the ideal criterions of ideal 

transdermal candidate and hence predicted to have high percutaneous absorption. 

While theoretically calculated predictions are important and can provide an initial 

screening basis for compounds, they cannot replace experimental values and can largely 
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differ from real life situations (140). On the contrary to theoretical permeability 

coefficients, experimental Kp’s for a drug from different formulations vary since it is 

dependent on the formulation and concentration of the drug. An apparent limitation of 

theoretical maximum flux is that the calculation is based on an aqueous formulation. The 

permeability coefficient will, of course, change with the nature of the formulation placed 

on the skin, as will the drug's solubility. From a theoretical standpoint, a saturated 

solution in any solvent should result in the same steady-state flux across the skin, because 

the chemical potential of the drug in any saturated solution is maximal. However, in real 

life situations, such equivalence is not always observed, because many solvents are 

themselves able to change the barrier properties of the skin and lead to flux rates that do 

not conform to simple thermodynamic arguments (141). Therefore, it is important to 

calculate the experimental permeability coefficient of the drug formulations. The average 

Kp of the drug from 1mg/ml,10 mg/ml, 20 mg/ml and 50 mg/ml drug in PG solution was 

experimentally calculated as 3.0 X 10-3 ± 0.9 X 10-3 cm/h, 2.0 X 10-3 ± 0.4 X 10-3 cm/h, 

2.0 X 10-3 ± 0.4 X 10-3 and 2.7 X 10-3 ± 0.5 X 10-3 cm/h respectively. Drug from gel 

showed an experimental permeability coefficient of 0.48 X 10-3 ± 0.09 X 10-3 cm/h. The 

experimental values used to calculate the permeability coefficients are presented in Table 

2. The experimentally determined permeability coefficients of the drug from PG solution 

were in a close range and the slight variance is due the difference in donor 

concentrations. Experimental Kp considers the concertation, vehicle and formulation 

aspects making it more realistic. In our study, the theoretically calculated Kp value of the 
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drug was higher than the experimentally determined Kp (s). Experimental Kp of the drug 

from gel formulation is lower than that of the drug from PG solution and theoretical Kp. 

This observation is in line as gels provide a slower onset of action and sustained release 

of the drug over solutions due to the cross linking of polymers in gels. 
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Table 2. In vitro flux of 4-benzylpiperdine through cadaver human skin 
 

Formulation Concentration 

in donor 

(μg/cm3) 

Area 

(cm2) 

Steady state 

flux, J 

(μg/sq.cm/h) 

Average 

flux ± SD 

(g/cm2/h) 

Average 

lag time 

± SD 

(hours) 

1mg/ml 

(Drug in PG 

solution) 

100 0.64 2.3, 1.65, 2.52, 

1.21 (n=4) 

1.92 ± 0.6 1.44 ± 

0.26 

 

10mg/ml 

(Drug in PG 

solution) 

1000 0.64 14.71, 11.66, 

9.45, 15.02 

(n=4) 

12.71 ± 

2.65 

2.10 ± 

2.17 

 

20mg/ml 

(Drug in PG 

solution) 

2000 0.64 30.03, 24.76, 

28.43, 19.15 

(n=4) 

25.60 ± 

4.83 

3.55 ± 

0.73 

 

50mg/ml 

(Drug in PG 

solution) 

5000 0.64 90.35, 80.80, 

65.24, 106.97 

(n=4) 

85.84 ± 

17.48 

2.26 ± 

2.07 

2g in 

22g 

(Drug in gel) 

8300 0.64 62.27, 69.64, 

39.65, 

61.69, 71.51, 

71.60 

(n=6) 

62.73 ± 

12.14 

2.94 ± 

0.56 
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Table 3. Log P and molecular weight values from literature, spartan and chemicalize. 
 

Parameter Calculated spartan 

and chemicalize 

value 

Literature value 

Log P 2.5 2.9 

Molecular weight 175 175 

 

 

 
Rheological evaluation 

 

The development of topical and transdermal pharmaceutical dosage forms 

involves several desirable qualities that influence patient acceptability and clinical 

efficacy of the product. These include optimal mechanical properties like ease of removal 

of product from the container and good spreadability on the skin, good bioadhesion to 

ensure retention at the site of application, acceptable viscosity, drug release and drug 

absorption. Moreover, products designed for topical or transdermal use will be subjected 

to shearing forces (rubbing over skin and flexing processes of skin) that are oscillatory in 

nature. Therefore, it is imperative to examine the effects of such oscillatory forces on the 

product rheology, and hence, ultimately on the clinical performance of the formulation 

(142). Rheological evaluation has been employed for many decades in the 

characterization of polymers and was originally developed and used on synthetic 

polymers. The era of modern rheometers allows the precise measurement of the response 

of complex polymers to a series of applied force known as stress or deformation known 

as strain (143,144). 
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The present investigation characterizes the mechanical, rheological and adhesive 

properties of hydrogels prepared from HPC by rheological evaluation. Rotational and 

oscillatory rheometric evaluations are used to quantify the mechanical and textural 

properties of the gels, and the effect of oscillatory stresses similar to those experienced 

under physiological conditions, on their structural properties. Hydrogels are three- 

dimensional hydrophilic polymer networks, which swell, but do not dissolve in contact 

with water. Hydrogels have been used for decades in a wide range of biomedical and 

pharmaceutical applications, mainly due to their high water content and ability to swell. 

This water-based gel provides better patient compliance since it is easily washable by 

water and does not produce outward stickiness like many ointments and creams that are 

oil based (145). The choice of gelling agent used in the present study for the formulation 

of hydrogels was HPC. Hydrogels formulated with HPC as the gelling agent; do not 

require neutralization with a base like in case of carbopol gels and can be formulated 

without application of heat (138). 

Gels are all examples of non-Newtonian fluids – that is, their viscosity is not a 

fixed value but is dependent upon the degree of shear they are exposed to. The most 

common form of non-Newtonian behavior is shear thinning where viscosity decreases 

with increase in shear rate applied. Shear thinning properties can provide desirable 

attributes to a product, such as suspension stability or drip resistance when at rest but ease 

of application or pouring when a stress is applied (142). 
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Flow curves 
 

As shown in Figure 10a., the increase in concentration of gelling agent (HPC) 

from 1.5% to 2% and 4% resulted in an increase in viscosity of the gel. Furthermore, 

viscosity of each gel decreased with an increase in the shear rate applied. This test is 

essential to demonstrate the spreadability of a gel upon application. Ideally the gel should 

have adequate viscosity such that it can be smoothly applied and spread over skin without 

sliding off the skin under minor gravitational force. Therefore, it is imperative to choose 

the appropriate concentration of gelling agent. 

Amplitude sweep 

 

Amplitude sweep provided information about the storage modulus (G’) and loss 

modulus (G”) of hydrogels under a range of strains applied. G’ was greater than G” for all 

the hydrogels indicating the gels have more of a solid-like nature (Figure 10b.). Gels are 

semi-solid preparation hence these results are supportive for gel formulation. Additionally, 

the gap between G’ and G’’ curve increased with the increase in concentration of gelling 

agent demonstrating the role of HPC content in determining the solidity of the gel 

formulation. Furthermore, as shown in Figure 10b., there were cross section of G’ and G’’ 

with this the study range of strain. The cross section indicated the point that the gel structure 

broke down from solid to liquid. The breaking point of gel structure was delayed from 

1.5% to 2% and 4% gel to notify that the higher gel concentration, the more stable the gel 

structure. 
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Frequency sweep 
 

A cross over point (indicates the frequency at which the gel breaks) between 

storage modulus and loss modulus at lower frequency of 0.6 rad/sec was observed for 4% 

gel formulation in comparison to 2% and 1.5% gel formulation which showed a cross 

over point at 4rad/sec, indicating 4% gel formulation is less stable. The storage modulus 

and loss modulus for 2% gel formulation were higher than that of 1.5% gel formulation 

indicating better structural stability of 2% gel formulation as shown in Figure 10c. 

Thixotropy test 

 

The gel formulations were subjected to variable shear rates for different time 

intervals and the change in viscosity with respect to time was recorded and represented as 

shown in the graph below. The highest structure recovery ratio of 107.01% for 2% gel 

formulation was observed in comaprison to 4% gel formulation that had a recovery ratio 

of 79.092% and 98.807% for 1.5% gel formulation. Therefore, 2% gel formulation had 

better ability to rebuild its structure in comparison to 4% and 1.5% gel formulations 

(Figure 10d ). 
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Figure 10. Comparative rheograms of varying concetrations of HPC (gelling agent) based 

4-benzylpiperdine gels corresponding to the following rheological tests: (a) Flow curves 
(b) Amplitude sweep (c) Frequency sweep (d) Thixotropy oscillation 

 

 

HPLC method validation 

 

The HPLC method was specific for 4-benzylpiperdine whose peak was unaffected 

by the background noise as well as other interferences on the chromatogram. The 

linearity of the method was studied to investigate the relationship between the drug 

concentration and the peak area. The linearity study was conducted with a total of 15 

calibration standards: 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 150, 200, 250, 300, 350 

µg/mL. The drug concentration (x) could be reliably predicted from the peak area (y) by 

the following linear regression equation Eq. 3: y = 1485.6x + 2019.9 (R² = 0.999) 

The method provided a good correlation between peak area and drug concentration in the 

linear range of 0.1-350 µg/mL. The limit of detection of the assay method was 0.30 

µg/mL while the limit of quantification was 0.90 µg/mL. The intra-day mean accuracy 
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was 104.48 % for 2.5 µg/mL, 101.43 % for 25 µg/mL, and 100.18 % for 250 µg/mL 

(n=6) while the intra-day precision was 4.66 % for 2.5 µg/mL, 0.64 % for 25 µg/mL, and 

0.16 % for 250 µg/mL (n=6). We also studied the inter-day accuracy and precision of 4- 

benzylpiperdine analysis and reported a similar trend―the higher the drug concentration, 

the lower the variability. The inter-day accuracy was reported: 102.03 % for 2.5 µg/mL, 

101.31 % for 25 µg/mL, and 100.19 % for 250 µg/mL (n=12). Meanwhile, the inter-day 

precision was 5.02 % for 2.5 µg/mL, 0.87 % for 25 µg/mL, and 0.17% for 250 µg/mL 

(n=12). This HPLC method was validated to be specific, accurate, and reliable tool to 

measure the drug concentration in the collected samples. 

In vitro permeation study 

 

Transdermal permeation of 4-benzylpiperdine from PG solution (1mg/ml, 

10mg/ml, 20mg/ml and 50mg/ml) over 24 hours through human dermatomed skin was 

high (49.45  11.60, 258.47  48.50, 600.26  74.18, 1945.20  405.59 g/cm2) 

mounting to 16% to 31% delivery as shown in Figure 11. 
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Figure 11. In vitro permeation profile of varying concentrations of 4-benzylpiperidine 

from propylene solution (1mg/mL, 10mg/mL, 20mg/mL and 50mg/mL) 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

Figure 12. Average flux of 4-benzylpiperidne across human dermatomed skin versus the 

donor concentration of drug in PG solution (100 L of 1mg/mL, 10mg/mL, 20mg/mL 

and 50mg/mL). 
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The excellent passive transdermal permeation of 4-benzylpiperidine observed can 

be attributed to its ideal properties that aid in penetration of the stratum corneum. The 

low molecular mass, optimal oil in water partition coefficient, low melting point and high 

solubility of the drug in the solvent (PG), all contribute to its transdermal permeation. 

The calculated theoretical permeability coefficient and theoretical flux also predicted 

high percutaneous absorption. This was further validated by the experimentally 

determined permeability coefficients and steady state flux values. 4-benzylpiperidine has 

low aqueous solubility hence in the present study, PG was used as a solvent to dissolve 

and deliver the drug. The choice of a solvent system is vital in development of a 

transdermal delivery system as this can affect the transdermal permeability by altering 

thermodynamic activity of the drug and/or barrier nature of skin (146). Excipients such as 

PG can modify skin permeability by shifting the solubility parameter of the skin in the 

direction of that of the permeant. The solubility of the permeant in the outer layers of the 

skin will be increased and this, in turn, improves the flux. 4-benzylpiperidine is highly 

soluble in PG, increasing its solubility in the stratum corneum and in turn increasing the 

permeability of the drug (147). 

The average flux of the drug increased linearly with increase in concentration as 

shown in Figure 12. and the values are presented in Table 2. Flux is the amount of drug 

that permeates per square centimeter of skin (in vitro dematomed human skin) per hour. 

The theoretical maximum flux calculated is calculated based on the drug’s aqueous 

solubility and since the drug has low aqueous solubility in comparison to its solubility in 
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PG, the predicted Jmax is lower than the experimental flux with the maximum tested 

concentration. Based on our results, the flux of the drug can be altered by changing the 

concentration of drug. Therefore, we can calculate the dose required to treat cocaine 

dependence based on the flux required. Since there are no approved treatments for 

cocaine use disorders on the market and no human trials on the use of 4-benzylpiperidine 

for treatment, the dose required cannot be accurately estimated at this stage. 

Since 4-benzylpiperidine demonstrates a good transdermal permeation and the flux is 

linear, the required dose is attainable. 

Thixotropic test demonstrated the 2% HPC based gel to have the highest structure 

recovery ratio of 107.01% compared to 4% HPC based gel formulation and 1.5% HPC 

based gel formulation that showed a recovery ratio of 79.1% and 98.8% respectively. 

Hence the 2% HPC based gel was found to have better structural stability and was used 

for the in vitro permeation studies. Franz diffusion cells (n=6) were used to study the in 

vitro transdermal permeation of 4-benzylpiperidine from a HPC based gel formulation 

and the permeation profile is as shown in Figure 12. The average cumulative amount of 

drug delivered across human dermatomed skin after 24 hours was 1824.90 ± 425.12 

µg/cm2, and this corresponded to 18% delivery. 



 

 

100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Represents the in vitro permeation profile of 4-benzylpiperidine through 

dermatomed human cadaver skin from 2% HPC based gel. 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 
Figure 14. Average flux of 4-benxylpiperidine from a 2% HPC based gel formulation. 
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(2h) before a sudden decrease at 4h (110.13 ± 22.53 µg/sq.cm/h) and provided sustained 

release until the end of the study (24h). The value of the substitute agonist lies in its 

ability to prolong its effects on the pharmacological receptors so the need for the drug of 

dependence is reduced and since 4-benzylpiperidine in its preclinical models has shown 

to have a short duration of action, our goal in the present study was to increase the value 

of agonist treatment by prolonging the duration of action. 

Gels have the rheological properties that will give the drug a long residence time 

at the site of application and release the drug from the gels polymer matrix at a controlled 

and sustained mode [1075]. As demonstrated by the permeation profile in Figure 13. and 

flux profile in Figure 14., 4-benzylpiperidine in gel formulation provides the much 

needed sustained release over 24 hours. 

In our study, we incorporated 4-benzylpiperidine into a HPC based hydrogel 

formulation. Hydrogels are popular in dermatology because they are transparent, easily 

water washable, greaseless, thixotropic, easily spreadable, suitable for the incorporation 

of lipophilic compounds or insoluble solids, and present good rheological properties to 

increase residence time of gel on skin. Hydrogels generally consist of two main 

components, the gelling agent responsible for the network formation and an aqueous 

liquid vehicle. Among the gelling agents extensively used in the pharmaceutical industry 

are cellulose derivatives such as methylcellulose (MC), carboxymethylcellulose (CMC), 

hydroxylpropylcellulose (HPC) and hydroxypropylmethylcellulose (HPMC). The large 

availability, nontoxicity, and the low cost of cellulose derivatives make them the first 
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choice for the preparation of pharmaceutical hydrogels. Among these HPC is a water 

soluble cellulose derivative with remarkable combination of properties: solubility in cold 

or hot polar organic solvents forming a smooth, clear, colloidal solution; surface activity; 

aqueous thickening and stabilizing properties (148). 

Skin irritation study 

 

For 4-benzylpiperdine in PG solution, the relative cell viability for each tissue as 
 

% mean of the negative control was found to be 3.8  0.50 % as shown in Figure 15A. 

According to the EpiDerm model test for skin irritation, if the remaining relative cell 

viability is below 50% then the tested compound (4-benzylpiperidine in PG solution) is 

said to cause potential skin irritation. 4-benzylpiperidine gel formulation demonstrated a 

relative cell viability of 11.7  7.91 % as shown in Figure 15B. Hence the gel 

formulation of 4-benzylpiperidine is also considered to cause potential irritation to skin. 

In terms of relative cell viability, the hydrogel formulation was found to be less irritant 

over the drug in PG solution. Although both the formulations tested were deemed as 

potential irritants, the results show that decreasing drug concentration and flux can reduce 

skin irritation. 
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Figure 15. A. The percentage relative tissue viability in in vitro skin irritation test of 4- 

benzylpiperidine in PG solution (30 L of 50mg/mL drug in PG solution) compared to 

negative and positive controls. B. The percentage relative tissue viability in in vitro skin 

irritation test of 4-benzylpiperidine gel (30 L of the HPC based gel) compared to 

negative and positive controls. 
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As previously discussed transdermal delivery has many advantages, including the 

reduction of systemic side effects. These advantages are not without limitations and one 

such limitation is the potential of skin irritation at the site of application (149). Hence it is 

important to evaluate the irritation potential of topically applied chemicals and this is 

especially important when it’s a new chemical or a compound that has previously not 

been tested on skin. 

The United Nations globally harmonized system of classification and labeling of 

chemicals defines skin irritation as the production of reversible damage to the skin 

following the application of a test substance for up to 4 hours. In vivo, skin irritation is 

evaluated by modification of the Draize rabbit skin irritation test. Since systemic 

reactions do not play a significant role in regulating local skin toxicity potential of 

chemicals, in vitro models can predict potential skin irritation, provided the models are 

sufficiently complex to mimic skin barrier in vivo and cell reactivity. The EpiDermTM 

SIT in vitro model used in the current study was developed and designed to predict skin 

irritation potential of test compounds in the context of identification and classification of 

skin irritation hazard according to the European Union classification system. The test 

consists of a reconstructed human epidermis (RhE) and is based on the topical exposure 

of the test chemical to RhE followed by measurement of cell viability. Cell viability is 

quantitatively measured by the spectroscopic detection of blue formazan salt. The blue 

salt is formed by the dehydrogenase conversion of MTT [(3- 4,5-dimethyl thiazole 2-yl) 

2,5-diphenyltetrazoliumbromide], present in cell mitochondria. The percentage reduction 
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of cell viability of tissues exposed to the test chemicals in comparison to negative 

controls (treated with water) is used to predict the skin irritation potential (150). 

Many components of topical and transdermal dosage forms can contribute to skin 

irritation. Previous research has demonstrated the role of patch adhesives, solvents, 

permeation enhancers and the active pharmaceutical ingredient in development of allergic 

contact dermatitis reactions (ACD) (149). Alteration of the formulation components can 

reduce the risk of causing cutaneous irritation. The active ingredient in the topical or 

transdermal pharmaceutical formulation has been indicated as the major cause of ACD in 

patients (150). In the present study, the active ingredient: 4-benzylpiperdine may be the 

main contributor to cause potential skin irritation. The excipients involved in the 

transdermal formulation including water, PG and HPC all have well known skin 

tolerability (150). The material safety data sheets (MSDS) of 4-benzylpiperidine suggest 

it causes inflammation of the skin on contact in some persons and can accentuate any pre- 

existing dermatitis condition. Additionally, the MSDS indicate the skin irritation can be 

due to the pyridine or pyridine derivative aspects of the drug structure (151). Previous 

studies have shown dissociation constant (pKa) of the drug can affect the physiological 

pH of the skin and lead to cutaneous irritation. Dissociation constants less than 4 or 

greater than 8 are known to be potentially irritant due to the changes caused in pH of skin 

(152-156). 4-benzylpiperidine has a pka of 10.35 (calculated by chemicalize) and this can 

explain the changes caused on the skin that lead to potential irritation. Nicotine has a pka 

of 8.5, nitroglycerine has a pka of -5.6 and selegiline has a pka of 8.67 (123). According 
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to the above discussion and their pka values, these drugs can cause potential skin 

irritation and have reported to cause minor irritation, yet these drugs are widely accepted 

on the market for transdermal delivery without major reports of skin irritation (157-161) 

Incorporating the potentially irritant drug into a hydrogel formulation can reduce the 

exposure of concentrated drug on directly on the skin thereby minimizing irritation as 

seen in this study. The hydrogel formulation protects the skin against the direct contact of 

4-benzylpiperdine, making the formulation more practical and tolerable. Hydrogels can 

swell and hold high water content, so hydrogel materials resemble natural living tissue 

more than any other class of synthetic biomaterials. Furthermore, it has been reported that 

hydrogels reduce skin irritation by absorbing moisture from the skin’s surface (162). 

Based on the results demonstrated by Wester et al, De Leeuw et al and Schäfer-Korting et 

al, it can be concluded that controlled-release systems like hydrogels can reduce the 

potential irritation induced by topically applied drugs (163-164). Hence based on our 

results though 4-benzylpiperidine was found to be a potential skin irritant with the 

Epiderm model, further testing is required to deem 4-benzylpiperidine determine the 

acceptability over skin. 

Conclusion 

 

Although cocaine dependence is a critical public health problem with decades of 

research to find a suitable pharmacological intervention, there are still no FDA-approved 

pharmacotherapies. Research has suggested and demonstrated the efficacy of substitute 
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agonist-based strategies to treat cocaine-use disorders. 4-benzylpiperdine is one such 

substitute agonist that has shown promise in the preclinical human-relevant animal 

models but its short duration of action reduces its effectiveness as a substitute agonist. 

Consequently, the goal of our research was to prolong the duration of action of 4- 

benzylpiperidine by investigating the in vitro transdermal delivery across dermatomed 

human skin. The research included the formulation, rheological evaluation and 

transdermal delivery of a hydroxyl propyl cellulose based gel of 4-benzylpiperidine. 

Theoretical and experimental permeability coefficient calculations and the theoretical and 

experimental flux predictions suggested high percutaneous absorption of 

4-benzylpiperidine. Transdermal permeation of varying concentrations of 

 

4-benzylpiperdine from PG solution corresponded to 16%-31% delivery. Thixotropic test 

demonstrated the 2% HPC based gel to have the best structural stability and was used for 

all in vitro permeation studies. 18% of 4-benzylpiperidine was delivered from the gel 

formulation across dermatomed human skin over 24 hours. The excellent passive 

transdermal permeation of 4-benzylpiperidine demonstrated in our study was in 

concordance with the predicted percutaneous absorption and can be attributed to its ideal 

physiochemical properties that aid in penetration of the stratum corneum. 4- 

benzylpiperidine in propylene glycol and gel formulation was found to be potentially 

irritant to skin. 

In conclusion, our preliminary results are promising and demonstrate the 

proficiency of transdermal route for the passive delivery of 4-benzylpiperidine. Further 
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clinical studies and skin irritation studies are required to investigate transdermal delivery 

of therapeutically relevant doses of 4-benzylpiperidine to treat cocaine-use disorders and 

to substantiate the tolerability of these doses over skin. 
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CHAPTER 6 

 

FORMULATION AND EVALUATION OF 4-BENZYLPIPERIDINE 

DRUG-IN-ADHESIVE MATRIX TYPE TRANSDERMAL PATCH 

Abstract 

 

The objective of our study was to develop a transdermal patch of 4- 

benzylpiperidine and to evaluate it’s in vitro transdermal permeation profile. Appropriate 

pressure sensitive adhesives and additives were selected based on solubility and slide 

crystallization studies. Release liners and backing membranes were selected based on 

their ability to peel without leaving a residue and their affinity to formulation 

respectively. Drug-in-adhesive patches developed were investigate for their in vitro drug 

permeation over 48 hours across dermatomed human skin using Franz diffusion cells. 

Silicone based pressure sensitive adhesive along colloidal silicon dioxide as viscosity 

builder, fluoropolymer coated membranes as the release liner and polyester based 

membranes as backing were chosen to develop a drug in silicone adhesive patch. 

Polyisobutylene adhesive based patch was developed with drug in polyisobutylene 

adhesive, along with oleic acid and oleyl alcohol as permeation enhancers, polyester for 

the release liner and polyethylene as backing. Among the patches developed, 

polyisobutylene adhesive based patch with higher drug concentration exhibited superior 

transdermal permeation (1608.5  53.4 µg/cm2 over 48 hrs). The final patch was further 

tested for uniformity in coat weight, shear strength, tack and peel adhesion. 
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Abbreviations: ADHD, Attention-deficit/hyperactivity disorder; PBS, Phosphate buffered 

saline; PIB, Polyisobutylene; PSA, Pressure sensitive adhesive; RP-HPLC, Reverse phase 

high performance liquid chromatograph; SE, Standard error; TDDS, Transdermal drug 

delivery system 

Keywords: 4-benzylpiperdine, transdermal patch, substitute agonist 

 
Introduction 

 

Cocaine remains one of the most used illicit drugs worldwide with an estimated 

17 million users in 2015, making it a major public health issue (165). Despite its negative 

health consequences and addictive potential, there is no FDA-approved 

pharmacotherapies (166-168) Another such major public health issue with an estimated 

worldwide prevalence of about 5% in children (169), and symptoms that persist into 

adulthood in up to 65% of patients (170), is attention-deficit/hyperactivity disorder 

(ADHD). The prevalence of adult ADHD appears to be much higher in individuals with 

cocaine-use disorder, compared to the general population. In a sample of adult patients 

seeking treatment for cocaine addiction, 35% were found to have ADHD. These numbers 

are in line with the assumption that adolescents with ADHD are about twice as likely as 

healthy individuals to develop a substance use disorder due to the impact of 

neurotransmitter systems in the brain thought to be altered in ADHD patients (171). 

Substitute-agonist therapies mimic key aspects of the abused drug to reduce 

craving and withdrawal and promote abstinence (172). Research over the last decade has 

suggested that substitute agonist-based strategy can be useful in treating cocaine-use 
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disorders (173-174). Chronic cocaine abuse is believed to result in depletion of 

dopamine. Dopamine deficiency has also been associated with ADHD in adults, and 

dopamine agonists have been effective in the pharmacotherapy of ADHD. Bromocriptine, 

a dopamine agonist was highly effective for treating ADHD and promoting cocaine 

abstinence (172). While the exact etiology of ADHD remains unknown, the available 

evidence supports the theory that dopamine neurotransmission dysfunction is at least 

partly responsible for its characteristic symptoms (175). 

Previously FDA has approved substitute-agonist therapies for substance-use 

disorders including methadone, buprenorphine, varenicline, and transdermal and buccal 

formulations of nicotine. Additionally, methylphenidate transdermal patch (Daytrana) has 

been successfully used for the treatment of ADHD (176). It was the relative success of 

these medications for treatment of substance-use that stimulated initial research on 

potential of agonist medications to treat cocaine dependence (177). While there are 

currently no FDA-approved medications for cocaine dependence, agents that reverse 

dopamine transporter activity and boost dopamine transmission like amphetamines have 

shown promise. Dextroamphetamine and methamphetamine have shown to reduce 

cocaine use in patients with cocaine dependence alone, and mixed amphetamine salts 

have shown to reduce cocaine use in co-occurring cocaine dependence and ADHD. 

Dextroamphetamine and mixed amphetamine salts are FDA-approved treatments for 

ADHD, and are believed to work by boosting dopamine levels in the forebrain (178). 
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Given these findings, we know both the disorders are linked to dopamine deficiency and 

can benefit from treatment with dopamine substitute agonists. 

Although many targets for cocaine-use disorder have been identified, substitute 

agonists that function as substrate-based dopamine/norepinephrine releasers have 

demonstrated the most promising efficacy in preclinical models and double-blind placebo 

controlled clinical trials (172). 4-benzylpiperidine is one such substrate-based 

dopamine/norepinephrine releasing substitute-agonist to cocaine with distinguished 

preclinical efficacy but has rapid onset of action and short duration of action. The value 

of an agonist medication lie in its ability to target pharmacological receptors to produce 

effects for a long duration of time with slower onset, and thereby, reducing cravings for 

drug of abuse while ensuring lower toxicity than produced by use of the abused drug. It is 

therefore critical to sustain the duration of action of 4-benzylpiperdine. Transdermal 

patches can provide this much needed slow and sustained delivery of 4-benzylpiperidine. 

Slow drug onset can reduce abuse potential, promote abstinence and prolonged duration 

of action can reduce the frequency of dosing leading to better compliance and reduce 

problematic neuroadaptations to the severe oscillations in drug levels that often occur 

with drug abuse. Further, transdermal patches can be abuse deterrent as it is harder and 

more time consuming to extract drug over conventional dosage forms (179). 

Considering the prominent preclinical efficacy of 4-benzylpiperidine in human- 

relevant animal models and the therapeutic benefits of transdermal drug delivery of 

substitute agonists for cocaine-use disorder and ADHD, the aim of our study was to 
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develop a drug-in-adhesive matrix transdermal patch of 4-benzylpiperidine. The objective 

was extended to evaluate the transdermal matrix patch based on the in vitro drug 

permeation profile across dermatomed human skin, and adhesion properties of the patch. 

Materials and methods 

 
Materials 

 

4-Benzylpiperidine was obtained from Sigma Aldrich (St. Louis, MO, USA). 

Acetonitrile, methanol, tetrahydrofuran and Phosphate Buffered Saline (PBS) were 

purchased from Fisher Scientific (NJ, USA). PIB DURO-TAK 87-6908, acrylate-DURO- 

TAK 387-2287, acrylate- DURO-TAK 387-2516 and silicone DOW Corning BIO PSA 

7-4301 adhesives were received as gift samples from Henkel Corporation (Rocky Hill, 

CT). Isopropyl myristate, colloidal silicone dioxide, oleic acid, olely alcohol, propylene 

glycol and mineral oil were purchased from Sigma Aldrich (St. Louis, MO, USA). 

Dermatomed human skin was obtained from New York firefighters skin bank (New 

York, NY). 

Methods 

 
Development of transdermal patch 

 

The choice of pressure sensitive adhesives (PSAs), release liner and backing 

membrane is critical for the development of a transdermal patch and were investigated 

extensively for the development of a 4-benzypiperidine drug-in-adhesive matrix 

transdermal patch. 
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Selection of PSA 
 

Currently there are three types of pressure sensitive bioadhesive polymers 

commonly used in the United States transdermal drug delivery market: polyacrylate 

copolymers (acrylates), polysiloxanes (silicones) and polyisobutylenes (PIBs). In our 

study, the feasibility of employing acrylate (DURO-TAK 387-2287 and DURO-TAK 

387-2516), silicone (BIO PSA 7-4301) and PIB (DURO-TAK 87-6908) adhesives for the 

formulation of 4-benzylpiperidine drug-in-adhesive transdermal patches was tested. Slide 

crystallization studies were performed to identify the drug concentration at which the 

drug crystallizes or separates out. The highest concentration at which the drug remained 

dissolved, was considered as the drug's saturation solubility in each adhesive. 

Formulations with increasing concentrations of drug (% w/w) in adhesive were prepared 

(as presented in Table 4. and 5.) and allowed 48 hours of slow mixing at room 

temperature using a rotary mixer (Preiser Scientific Inc., St. Albans, WV, USA). 

Following visual observation, a drop of each formulation blend was placed on individual 

polysine microscopic slides (25 x 75 x1 mm, Thermo scientific, Erie scientific, New 

Hampshire, U.S.A) and dried under a fume hood at room temperature, followed by 

examination under an optical light microscope (Leica DM 750; Buffalo Grove, IL). 

Images were taken at 10× or 100× magnification (as specified) using a DFC-280 camera 

adjoining the microscope. 
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Table 4. Formulations prepared to test the solubility of 4-benzylpiperidine in the commonly 

used PSAs. 

Adhesive Contents (mg) 
 Drug (% w/w)  

5 10 20 40 

Acrylate 

(DURO-TAK 387- 

2287) 

Adhesive wet weight 1120.00 1120.00 1120.00 1120.00 

Adhesive dry weight 565.60 565.60 565.60 565.60 

Amount of drug 29.77 62.84 141.40 377.07 

Acrylate 

(DURO-TAK 387- 

2516) 

Adhesive wet weight 1120.00 1120.00 1120.00 1120.00 

Adhesive dry weight 464.80 464.80 464.80 464.80 

Amount of drug 24.46 51.64 116.20 309.87 

PIB 

(DURO-TAK 87- 

6908) 

Adhesive wet weight 1120.00 1120.00 1120.00 1120.00 

Adhesive dry weight 425.60 425.60 425.60 425.60 

Amount of drug 22.40 47.29 106.40 283.73 

 
Silicone 

(BIO PSA 7-4301) 

Adhesive wet weight 1120.00 1120.00 1120.00 1120.00 

Adhesive dry weight 672.00 672.00 672.00 672.00 

Amount of drug 35.37 74.67 168.00 448.00 
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Table 5. Formulations prepared to further test the solubility of 4-benzylpiperidine in PIB 

and silicone adhesives. 

Adhesive Contents (mg) 
 Drug (% w/w)  

5 10 20 40 

 
PIB 

(DURO-TAK 87- 

6908) 

Adhesive wet weight 

(mg) 
1120 1120 1120 1120 

Adhesive dry weight 

(mg) 
425.60 425.60 425.60 425.60 

 Amount of drug (mg) 8.69 13.16 17.73 20.05 

 
Adhesive wet weight 

(mg) 

 
1120 

 
1120 

 
1120 

 
1120 

Silicone 

(BIO PSA 7-4301) 

    

Adhesive dry weight 

(mg) 
672 672 672 672 

 Amount of drug (mg) 13.71 20.78 28 31.66 

 

 
 
 

Selection of additives 

 

Penetration enhancers were explored to facilitate the delivery of 

 

4-benzylpiperidine across skin and increase its solubility in the adhesives. The physical 

and chemical compatibility of isopropyl myristate, oleic acid, olely alcohol and mineral 

oil with the drug as well as the adhesives were tested. To determine the solubility of 

4-benzylpiperidine in the enhancers, increasing amounts of 4-benzylpiperidine was added 

to the individual penetration enhancers, followed by mixing for 48 hours in a rotary 

mixer. The solubility and stability of the enhancers in the adhesives were determined 

similarly, by adding increasing amounts of the enhancers to the adhesives, followed by 

mixing for 48 hours in a rotary mixer. The adhesive blends were applied to individual 
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polysine microscopic slides, dried under a fume hood at room temperature, and observed 

under an optical light microscope. 

In addition, colloidal silicon dioxide was explored as a viscosity builder, and first 

homogenized to a gel with heptane using a high speed homogenizer (OmniTHQ, Omni 

International, NW, GA, USA) at 32000 rpm for 10 min. Varying concentrations of the 

gel, corresponding to the amount of colloidal silicon dioxide, were then added to the drug 

in silicone formulations (presented in Table 6.), followed by evaluation with slide 

crystallization studies. 

 
 

Table 6. Formulations prepared with 4-benzylpiperidine in silicone PSA along with 

additives (isopropyl myristate and colloidal silicon dioxide). 
  Excipients (% w/w)  

Formulations 
Drug 

Silicone Adhesive 

(dry weight) 

Isopropyl 

myristate 

Colloidal silicone 

dioxide 

F-C-4 10 72.5 10 7.5 

F-C-5 5 82.5 5 7.5 

F-C-6 5 77.5 10 7.5 

F-C-7 12.5 70 10 7.5 

F-C-8 10 75 5 10 

F-C-9 12.5 72.5 5 10 

F-C-10 10 77.5 5 7.5 

F-C-11 10 80 0 10 
F-C-12 5 85 0 10 
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Selection of release liner and backing membrane 
 

The following commonly used release liners: ScotchPakTM 9744, ScotchPakTM 

1022 and ScotchPakTM 9741 and backing membranes: CoTranTM 9707, CoTranTM 9702, 

CoTranTM 9722, CoTranTM 9706, CoTranTM 9718 and ScotchPakTM 9723, were 

evaluated. Combinations of the release liners and backing films were tested with the final 

drug-in-adhesive formulation blends (F-C-11, F-C-12, 10POA and 15POAOH). Initial 

screening was performed by checking the affinity of the formulations for both sides of 

each membrane, by adding a drop of the formulation on the membranes, followed by 

drying in a fume hood to evaporate the adhesive solvent. A gloved hand was used to test 

the peeling and adhesiveness of the formulations on individual membranes. 

Drug in adhesive patch preparation 
 

The drug in adhesive transdermal patches were prepared by dissolving 

 

pre-determined amounts of drug, adhesive, and additives (presented in Table 8.) into an 

air-tight glass vial (20-mL capacity) and stirred for 24 hours using a rotary mixer. For the 

silicone adhesive based formulations, colloidal silicon dioxide was first homogenized 

into a gel as previously discussed, followed by the addition of the drug and the adhesive, 

which was then homogenized using a high shear homogenizer at 1200 rpm for 15 

minutes. The silicone and PIB formulations were cast on individual release liners using a 

Gardner film casting knife (BYK-AG-4300 series, Columbia, MD, USA) and dried. The 

compositions, casting parameters, release liner, backing membrane, and drying 

conditions employed for the formulation of different patches have been elaborated in 
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Table 5. Following drying, the sheets were laminated using individual backing 

membranes, which were placed on the cast films using a roller, ensuring no air pockets 

were formed. These laminated films were then die cut into drug in adhesive matrix 

transdermal patches of 2.83 cm2. The patches were stored at room temperature for two 

weeks and observed under an optical light microscope. Visual changes including phase 

separation, contraction/shrinkage of the film, residue on release liner after peeling and 

ease of peeling off the patches were noted as well. Laminates without crystals and phase 

separation, with good physiochemical properties, were used for in vitro permeation 

studies on dermatomed human skin. 

Skin preparation 

 

Human dermatomed skin was stored at -80°C and thawed before use in 10 mM 

PBS (pH 7.4) at 37 °C for 2 mins. After thawing, skin was cut into pieces of appropriate 

sizes and their thickness was measured using a digital micrometer (Electronic Equip’t Co. 

Inc, Cedarhurst, NY, USA). Skin pieces with comparable thickness values were used for 

further skin integrity studies. 

Skin integrity testing 

 

The barrier integrity of human dermatomed skin was evaluated by skin electrical 

resistance assessment. In this study, prepared skin pieces of appropriate thickness were 

clamped between the donor compartment containing 300 µL of 10 mM PBS and receptor 

compartment containing 5 ml of 10 mM PBS of a vertical Franz diffusion cell setup and 

allowed to equilibrate for 15 min. Silver chloride wire (load resistor RL) was dipped in 



120 
 

 

 

 

the donor chamber and silver electrode immersed in the receptor compartment. Skin 

resistance was measured by passing a constant current (voltage of 100 mV AC electrical 

field at 10 Hz, duty cycle 50% without offset) through skin using a Digital Multimeter 

(Agilent 34410A 61/2 Digit) and Function/Arbitrary waveform generator (Agilent 33220A 

20 MHz, Agilent Technologies, CA, USA). The voltage across the skin (Vs) was 

displayed on the multimeter and electrical resistance values were calculated using 

equation 4. 

 

 

 
Where, 

𝑅𝑠 = 
(𝑉

𝑉

0

𝑆

−

𝑅

𝑉
𝐿

𝑆)  
(Eq 4) 

 

RS represents skin electrical resistance (kΩ) 
 

VS represents the voltage drop across the skin (mV) 
 

VO represents the voltage drop across the whole circuit (100 mV) 

RL represents the load resistance (100 kΩ) 

Skin pieces with resistance greater than 4 kΩ were selected for the studies. The resistance 

of all skin pieces chosen for the study ranged between 4-17 kΩ (180) 

In vitro permeation studies using optimized patches 

 

In vitro transdermal permeation studies were performed to evaluate the 

performance of the drug-in-adhesive transdermal patches, based on the amount of drug 

that permeates across human dermatomed skin over 48 hours using vertical Franz 

diffusion cells (PermeGear V6 station vertical cell). Three different matrix transdermal 

patches (S1, P1 and P2) with four replicates (n=4) were tested for their in vitro 
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transdermal permeation performance. Transdermal patches, large enough to cover the 

permeation area (2.83 cm2) were punched using a die and the release liner was removed. 

The patches were placed on the skin, dried using kim wipes, such that the adhesive side 

of the patch was in contact with the stratum corneum of the skin. A glass rod with 

minimal pressure was rolled over the patch to ensure the patch is in complete contact 

with the skin. The skin with the matrix patch was immediately placed over the surface of 

the receptor compartment, followed by clamping of skin with patch between the donor 

compartment and receptor compartment. The receptor comprised of 10 mM PBS (pH 

7.4) maintained at 37 °C and constantly stirred at 600 rpm. The donor chamber was 

exposed to room temperature (25 °C) to attain a skin temperature of 32 °C. Samples (300 

µL) were withdrawn periodically from the receptor compartment. 

 

RP-HPLC quantification 

 

A RP-HPLC Waters 2695 Separation Module attached to a Waters 2996 

photodiode array detector connected to a prodigy 5 µ ODS (150 mm length x 4.60 mm 

diameter, 5-micron particle size) column were used for the quantitative analysis of 4- 

benzylpiperdine. Acetonitrile and deionized water (0.05% v/v TFA) in gradient mode and 

flow rate of 1.0 mL/min were employed as the mobile phase. The percentage of 

acetonitrile was increased from 10% to 80% from 0 to 8 min, then kept at 80% till 13 

min, followed by a decrease to 10% at 13.01 min and maintained at 10% till 15 min (end 

of the run). 4-Benzylpiperidine was detected at 259 nm wavelength with a retention time 

of 5.5 min. 
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Data analyses 
 

All values have been presented as mean ± SE. One-way ANOVA was performed 

to investigate significant difference between groups. Statistically significant difference 

was shown by p values < 0.05. 

Characterization of the optimized drug in adhesive patch 

 

The transdermal matrix patch that exhibited the highest drug permeation across 

dermatomed human skin in 48 hours was elected as the final patch and further 

characterized. 

Determination of coat weight 
 

The coat weight of the drug in adhesive patch was determined by punching (using 

a die cut) and weighing 0.28 cm2 of the laminates (adhesive matrix with backing 

membrane and release liner) and subtracting the weight of the backing membrane and 

release liner (n=6). The average weight of the patch along with the standard error was 

reported. 

Peel adhesion test 

 

The bond strength of the optimized patch (P2) was determined using a PA-1000- 

180 180◦ peel adhesion tester (Chem Instruments, Fairfield, OH, USA). The force 

required to pull the patch away from a non-flexible material (stainless steel), that is 

positioned parallel to the patch, was quantified. The instrument was calibrated prior to 

use and the setup at a speed of 12 inches or 30 cm/min, peel length of 0.5 inches and the 

tension was turned off. Rectangular strips of the patch were cut to the size of 6.35 x 1.5 
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cm (n=6) and used for this test. One end of the test strip was placed in the load cell grip 

and the other end was made to adhere to the test platform. The average force required to 

peel the patch from the stainless steel was determined and recorded. 

Shear strength 

 

Sheer strength of the patch was tested using a SS-HT-8 High Temperature 8 Bank 

Shear Tester (Chem Instruments, Fairfield, OH, USA). All patches were cut into 2 cm 

wide and 8 cm long strips. The liner was removed from one end and patch was applied on 

the test panel of shear tester such that 5 cm long strip is stuck on to the test panel with a 3 

cm attaching length. The other end was attached with hooks and weight (500 g) was 

applied on the hook. The time required for the patch to fall was recorded and repeated for 

six replicates. 

Tack Testing 
 

A TA.XTPlus Texture Analyzer (TTC, Hamilton, Massachusetts, USA) was used 

to determine the tack value of the final drug-in-adhesive patch, P2. The texture analyzer 

was calibrated for weight, height, and a distance of 50 mm. The patch was cut to an 

appropriate size and the release liner was removed such that the adhesive part of the 

patch could be stuck onto the TA-303 Indexable Tack Rig with ten 9 mm openings. The 

stainless-steel probe was then lowered into the 9 mm openings of the indexable tack rig 

and a constant force of 0.05 N was applied onto the sample for 5 seconds and, finally, the 

probe was removed with a constant rate. The debonding velocity (Vd) was set to 5 mm/s. 

The absence of PSA residues from the stainless-steel surface of the probes (adhesive 
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failure) was visually determined. The absolute positive force required for debonding is 

recorded along with the positive area and separation distance. Exponent texture analysis 

software was used to measure the detachment force (absolute positive force) and the 

elongation at break (separation distance) expressed in grams and millimeters, 

respectively. The results are expressed as the mean ± standard error (n = 6). 

Results and Discussion 

 

Development of the transdermal patch 

 

Transdermal drug delivery systems (TDDS) are employed for the delivery of 

drugs across skin, into the systemic circulation. Adhesion of a TDDS to skin is a critical 

factor that affects its performance. The entire delivery surface of a TDDS must be in 

complete contact with skin, as the partitioning of the drug between the TDDS and skin is 

the driving force for permeation. In transdermal patches, the adhesiveness of the PSA 

helps maintain this intimate contact with skin. Apart from adhesion, the PSA also affects 

other critical quality attributes of the TDDS such as drug delivery, flux across skin and 

physical and chemical stability, making it critical to the safety, efficacy and quality of the 

finished product. The selection of a suitable PSA is thus pivotal in the development of a 

transdermal patch. (181, 182) In our study, we employed solubility and crystallization 

studies to aid us choose the most appropriate PSA for our drug. 

The three most commonly used PSAs i.e. acrylates, silicone and PIB base 

adhesives were all used in this study. Initial blends prepared (as presented in Table 4.) 

were observed visually, indicating that the solubility of 4-benzylpiperidine was the 
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highest in the acrylate adhesives (greater than 20% w/w in DURO-TAK 387-2516 and 

greater than 10% w/w in DURO-TAK 387-2287). However, color change in the soluble 

blends indicative of degradation or incompatibility of 4-benzylpiperidine as well as 

formation of crystals on drying with the acrylate adhesives was observed (presented in 

Figure 16.). Hence, further studies using the acrylate PSAs were discontinued. 

The solubility of 4-benzylpiperidine in silicone and PIB adhesives was found to 

be lower than 5% w/w. Blends were prepared in accordance to Table 5., and the solubility 

of 4- benzylpiperidine in silicone and PIB was found to be less than 4.5% w/w. Slide 

crystallization was used as a preliminary and relatively fast screening tool to mimic the 

nature of the final casted laminate and the interaction between the drug and adhesive in 

the final product. It was employed as an alternative to preparing complete patches (183). 

These studies revealed no crystal formation, degradation, or separation over time in the 

drug in PIB blends (4.5 %, 3 %, 2 % w/w drug). Thus, PIB was further developed into a 

transdermal patch of 4-benzylpiperidine. Slide crystallization studies in all the blends 

prepared with silicone adhesive showed separation of the 4-benzylpiperidine from the 

dried silicone matrix (shown in Figure 16.). However, as no degradation of 

4-benzylpiperidine or any physical incompatibility in terms of color change or the 

formation of crystals was observed, silicone PSA was further explored for the 

development of the 4-benzylpiperidine transdermal patch. 

In our study, permeation enhancers were explored to prevent phase separation 

observed in drug in silicone formulations, increase the solubility of drug in both silicone 
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and PIB PSAs to allow more drug loading into the patch, and subsequently increase the 

penetration of drug across skin. Isopropyl myristate, propylene glycol, mineral oil, oleic 

acid and olelyl alcohol were evaluated, as 4-benzylpiperidine was found to be the most 

soluble in these enhancers after an initial preliminary screening of commonly used 

permeation enhancers. Preliminary screening involved adding increasing amounts of the 

permeation enhancers to the drug and adhesives blends, followed by visual and 

microscopic observation for miscibility. Among these, isopropyl myristate showed higher 

miscibility with silicone PSA, while oleic acid and olelyl alcohol were better miscible 

with PIB PSA. Consequently, isopropyl myristate was tested as a solubility and 

penetration enhancer for the drug in silicone blends whereas, oleic acid and olely alcohol 

were incorporated in the drug-in-PIB blends. 

Silicone adhesive blends with isopropyl myristate (5 % and 10 % w/w) and 

increasing concentrations of 4-benzylpiperidine (5 %, 10 % and 12.5 % w/w) were 

prepared, and slide crystallization studies were performed. The addition of 10 % w/w 

isopropyl myristate led to incorporation of higher concentration of drug (up to 10 % w/w) 

without separation from the dried adhesive blend, confirmed by slide crystallization 

studies. The concentration of isopropyl myristate was limited to 10 % w/w to comply 

with the inactive ingredient guide provided by FDA. The incorporation of liquid 

components (drug and permeation enhancer) in the silicone PSA led to a decrease in the 

viscosity of the formulation blends. Therefore, the addition of a viscosity enhancer was 

considered to lower the fluidity of the blend, enabling the formulation to be cast as a film. 
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Previous literature demonstrates the successful use of colloidal silicone dioxide as a 

viscosity enhancer (184). Direct addition of colloidal silicone dioxide to the adhesive 

blend led to the formation of indispersible lumps in the blend. Hence, prior to addition, 

colloidal silicone dioxide was homogenized to a gel which could be incorporated 

uniformly into the adhesive. The percentage of colloidal silicone dioxide remaining in the 

gel after exposing it to the processing conditions of the patch was evaluated each time 

during preparation of an adhesive blend, and the wet weight of gel to be added was back- 

calculated accordingly. Formulations F-C-11 and F-C-12, containing 10 % w/w colloidal 

silicone dioxide and devoid of isopropyl myristate, were found to be the most suitable for 

the preparation of a transdermal patch. A loss in adhesive properties of the dried matrix 

was observed in the formulations containing isopropyl myristate. Therefore, the use of 

isopropyl myristate for drug in silicone blends was omitted. Colloidal silicone dioxide at 

10 % concentration, prevented the separation of drug for the dried adhesive matrix, while 

retaining the adhesive property of the dried matrix and eliminated the need of adding 

isopropyl myristate. 

Oleic acid and oleyl alcohol are also well-known chemical penetration enhancers 

that were included in the PIB adhesive blends [185, 186]. Based on preliminary solubility 

studies and existing literature recommendations, the concentration of oleic acid, oleyl 

alcohol was limited to 5 % w/w individually or 10 % w/w in combination [187]. On 

microscopical evaluation, a uniform dispersion of drug as droplets was observed on the 

dried microscopical slide for formulations 10POA, 10POAOH and 15POAOH (presented 
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in Table 7.). The matrix was found to be stable, with no apparent coalescence of the 

droplets over a period of two weeks from casting on a slide. In case of 15POA, phase 

separation of drug from the dried matrix was observed. The addition of oleic acid was 

successful in preventing the separation of up to 10 % w/w 4-benzylpiperidine, which led 

to a higher drug loading in the formulation. Formulations 10POA and 15POAOH were 

further investigated for the development of a transdermal patch of 4-benzylpiperidine. 

Drug in adhesive transdermal systems have three layers: backing film, a drug in adhesive 

matrix layer and protective release liner. The backing film serves as the outer surface of a 

patch and prevents direct contact of the patch formulation with the environment. 

Additionally, it should provide mechanical support and physical integrity to the 

transdermal system while also being compatible with the drug, adhesive and excipients of 

the formulation. Release liners act as a protective layer for the transdermal patch system 

during the product shelf life and act as substrates for the coating process therefore, they 

must be selected to provide consistent release performance and inertness in the end-use 

application (188). Adhesive formulations can vary widely containing various additives, 

which can impact release performance and adhesion properties. Considering the many 

factors involved, evaluation of several release liners and backing is critical for the 

development of a transdermal patch (189). In the present study, the final formulation 

blends selected (F-C-11 and F-C-12 silicone PSA based formulations; 10POA and 

15POAOH PIB based formulations) were tested with a range of commonly used 

membranes, used as release liners and backings. The material for release liner for the 
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individual blends was chosen such that the dried formulation would peel off easily from 

it, leaving no residue behind. On the contrary, the membranes with great affinity for the 

formulation were chosen as backing membranes. Consecutively, transdermal patches of 

these formulations were prepared with the most suitable combination of release liner and 

backing (as described in Table 8.). For the formulations containing silicone PSA, 

fluoropolymer coated membranes were chosen as the release liner and polyester or 

polyethylene-based membranes were found to have a greater affinity for the formulation 

and selected as backing. For the PIB based formulations, polyester was chosen for the 

release liner and polyethylene as backing. 

 

 

Table 7. Formulations prepared with 4-benzylpiperidine in PIB PSA along with additives 

(oleic acid and oleyl alcohol). 

Formulations    Excipients (% w/w)   

 Drug PIB Adhesive (dry weight) Oleic Acid Oleyl Alcohol 

10POA 10 85 5 0 

10POAOH 10 80 5 5 

15POA 15 80 5 0 
15POAOH 15 75 5 5 
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Table 8. Materials and conditions used to cast the drug in adhesive transdermal patches 

of 4-benzylpiperidine, and the observations at post two weeks. 

Patch S1 S2 S3 S4 P1 P2 

 Drug 10 10 5 5 10 15 

 PIB 

Adhes 

ive 

(% 
dry 

weigh 

t) 

 
 

- 

 
 

- 

 
 

- 

 
 

- 

 
 

85 

 
 

75 

 

 

 
Compo 

nents 

(% 
w/w) 

Silico 

ne 

Adhes 

ive 

(% 
dry 

weigh 

t) 

 

 

 
80 

 

 

 
80 

 

 

 
85 

 

 

 
85 

 

 

 
- 

 

 

 
- 

 Oleic 
Acid 

- - - - 5 5 

 Oleyl 

Alcoh 
ol 

 

- 

 

- 

 

- 

 

- 

 

- 

 

5 

 Colloi 

dal 

Silico 

ne 

Dioxi 

de 

 

 
10 

 

 
10 

 

 
10 

 

 
10 

 

 
- 

 

 
- 

 

 

Release liner 

Fluoropo 

lymer 

coated 

side of 

Scotchpa 
kTM 9741 

Fluoropo 

lymer 

coated 

side of 

Scotchpa 
kTM 9741 

Fluoropo 

lymer 

coated 

side of 

Scotchpa 
kTM 9741 

Fluoropo 

lymer 

coated 

side of 

Scotchpa 
kTM 9741 

 

Polyester 
side of 

Scotchpa 
kTM 

9744 

 

Polyester 
side of 

Scotchpa 
kTM 

9744 
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Patch S1 S2 S3 S4 P1 P2 
     Matte Matte 
     surface surface 
 Polyester CoTran Polyester CoTran of of 

Backing side of ™ 9718 side of ™ 9718 Scotchpa Scotchpa 

membrane Scotchpa (Polyeth Scotchpa (Polyeth kTM kTM 

 kTM 9723 ylene) kTM 9723 ylene) 9723 9723 
     (Polyeth (Polyeth 

     ylene) ylene) 

 

Drying 

Conditions 

A film of 15 mils in thickness was cast on the release liner and air 

dried in a fume hood for 2 min at room temperature, followed by 

drying at 75 °C for 15 min 

 
Phase 

separa 

tion 

 
 

 
 

 
 

 
 

 
 

 
 

Observ 

ation 

after 2 

weeks 

Ease 

of 

peelin 

g 

 
✓ 

 
 

 
✓ 

 
 

 
✓ 

 
✓ 

Resid 

ue on 

releas 

e liner 

      

 
 ✓  ✓   



132 
 

 

 

 

 

 

 
 

Figure 16. Brightfield microscopic image showing (a) separation of drug (5% w/w) from 

dried silicone adhesive and (b) formation of crystals in dried acrylate (DURO-TAK 387- 

2516) adhesive. Scale bar = 50 µm 

 

 

 
Drug in adhesive patch preparation 

 

Drug in adhesive transdermal patches of 4-benzylpiperidine, with PIB and 

silicone PSAs were developed successfully (summarized in Table 8.). None of the 

patches developed showed separation of 4-benzylpiperidine from the dried laminate or 

the formation of crystals when observed under an optical microscope over two weeks. 

However, patches S2 and S4 had problems in terms of peeling, where the laminate did 

not transfer entirely to the backing membrane and left residue on the release liner. As S1 

had higher concentration of drug than S3, patches S1, P1 and P2 were further tested for 

their drug permeation profiles. 

In vitro permeation 

 

The average cumulative amount of 4-benzylpiperidine that permeated across 

dermatomed human skin, over 48 hours, from S1 silicone adhesive patch, P1 drug-in-PIB 

adhesive patch and P2 drug-in-PIB adhesive patch were found to be 559.2  79.4 µg/cm2, 
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748.1  36.0 µg/cm2, and 1608.5  53.4 µg/cm2 respectively. Patch P2 demonstrated 

significantly higher in vitro drug permeation compared to the other two patches, as shown 

in Figure 17. The average flux of 4-benzylpiperidine from S1, P1 and P2 was found to be 

11.2  1.4 µg/cm2/h, 19.9  1.2 µg/cm2/h, and 38.0  0.8 µg/cm2/h respectively, where 

the highest flux was obtained from P2, as shown in Fig 18. The higher permeation of 4- 

benzylpiperidine from patch P2 can be attributed to the higher drug loading (15% w/w) as 

well as the addition of two permeation enhancers, oleic acid and oleyl alcohol. 

 

 

 

 
 

 

Figure 17. Demonstrates the in vitro permeation profile of 4-benzylpiperdine from the 

three patches tested across human dermatomed skin over 48 hours. * Represents 

statistical difference when p < 0.05. 
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Figure 18. Demonstrates the average flux obtained from the three patches tested (S1, P1 

and P2) at the end of 48 hours. 

 

 
 

Characterization of the optimized drug in adhesive patch 

 

As patch P2 showed significantly higher in vitro permeation than the other 

patches tested, it was further characterized as the final transdermal patch of 

4-benzylpiperidine. 

 
Determination of coat weight 

 

The coating efficiency of a transdermal patch can be determined by measuring the 

coat weight of different regions of the laminate. The variation in coat weight can be 

attributed to non-volatile components in the adhesive blend (190). The average weight of 
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patch P2 (4.91 cm2), excluding the weight of the release liner and backing membrane, 

was found to be 4.1 ± 0.6 mg. A low deviation in weight indicates uniformity in coat 

weight throughout the laminate. 

Peel adhesion test 

 

An ideal transdermal patch should peel off without causing delamination. Peel 

resistance is not only dependent on the intrinsic adhesiveness of the PSA, but is a 

complex process that involves the extension and the bending of the patch matrix and the 

backing layer prior to separation. The force required to peel the patch was kept consistent 

and as the value of peel adhesion is affected by the width of the sample, the size of the 

patches were kept constant (191). The average force required to peel patch P2 from 

stainless steel was found to be 0.7  0.2 grams. There was no delamination on the 

stainless steel for the tested transdermal patches. 

Shear strength 

 

Shear adhesion reveals the resistance of a transdermal patch to tangential stresses 

and, therefore, the cohesion of the matrix (192). In this study, the parallel force required 

to pull a fixed area of the patch (15 cm2) from a standard flat surface (stainless steel) was 

tested. The average time taken for the patch to drop from the test surface was found to be 

53.8  7.9 seconds. 

 
Tack Testing 

 

The adhesion efficiency of a transdermal patch can be tested by tack evaluation 

methods, which measure the force of debonding on application of a light pressure, for a 
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short duration of time. A probe tack test was employed in this study, where the force 

required to separate a probe from the adhesive surface of a transdermal patch was 

measured. In this method, tack is expressed as the maximum value of the force required 

to break the bond between the probe and transdermal patch after a brief period of contact 

(193). The average absolute positive force, average positive area and average separation 

distance, recorded for six replicates, was found to be 80.4  11.9 g, 5.2  1.0 g/sec and 

0.9  0.0 mm respectively. 

 

Conclusion 

 

Based on our results, the development of a transdermal drug-in-adhesive patch of 

4-benzylpiperidine was successful with silicone based and PIB based PSAs. Solubility 

and slide crystallization studies demonstrated incompatibility of acrylates PSAs with the 

drug, hence, silicone and PIB PSAs were elected for further patch development. The use 

of oleic acid, oleyl alcohol and isopropyl myristate was found to be beneficial in 

increasing the loading of the drug in the patches as well as permeation enhancers. In 

addition, colloidal silicone dioxide was successfully incorporated in the silicone-based 

patches as a viscosity-building agent. Fluoropolymer coated membranes as the release 

liner and polyester or polyethylene-based membranes as backing were chosen to develop 

the silicone PSA based drug in adhesive patches. Among these S1 showed superior 

peeling performance and had higher drug loading. For the PIB based formulations, 

polyester was chosen for the release liner and polyethylene as backing, hence patches S1, 

P1 and P2 were further evaluated for their drug permeation profiles across dermatomed 
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human skin. However, since higher delivery of drug from the two PIB based transdermal 

patches over the silicone-based transdermal patch was obtained, the P2 PIB based PSA 

transdermal patch was selected for further evaluation of adhesive properties. The final 

patch demonstrated uniformity in coat weight, peel adhesion, tack test and shear strength. 
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CHAPTER 7 

 

EVALUATION OF AN ACTIVATED CARBON-BASED DRUG DISPOSAL 

SYSTEM FOR DISPOSAL OF AN IMMEDIATE AND CONTROLLED RELEASE 

OPIOID DOSAGE FORM OF HIGH ABUSE POTENTIAL 

Abstract 

 

The improper disposal of unused prescription opioids can cause health and 

environmental risk. While there are FDA approved guidelines for disposal, these 

techniques do not deactivate the drug, thereby still posing risk of abuse and 

environmental contamination. In this study, we analyze the deactivation efficiency of a 

disposal system employing an immediate release and controlled release opioid drug 

dosage forms of high abuse potential. The deactivation system used in this investigation 

is an activated granular carbon based disposal system. HPLC method validation for each 

drug was performed prior to analyzing drug content in the deactivation study. Opioid 

drugs in different dosage forms were added to individual pouches in the presence of 

warm water. Pouches were shaken and sealed, then stored at room temperature. The 

deactivation efficiency of the system was tested by collecting samples at different time 

points up to 28 days. At the end of the 28-day study, 100 % of both the drugs were 

deactivated. In the desorption study, no drug leached out from the activated carbon in 

larger volume of water and less than 1.4 % leached out on extraction with ethanol. 
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Introduction 
 

An alarming over 7 million people misuse/abuse prescription drugs every month 

(5,18). Today in the United States, nearly half of all the opioid overdose deaths involve a 

prescription opioid and in 2015, more than 15,000 people died from prescription opioids 

related overdose (193). The dramatic increase in the number of prescriptions for opioid 

therapy has led to an increase in the rate of illicit use and misuse of these drugs. Hoarding 

and non-adherence to the prescribed course of treatment contributes to unintentional risk 

of exposure and additional waste of unused or expired opioids in the medicine cabinets 

which is a very common source for nonmedicinal use of these drugs. Based on the data 

from the National Survey on Drug Use and Health from 2008 to 2011, more than 50% of 

nonmedical users obtained opioids from friends and relatives for free (194). Opioids are a 

category of controlled substances used to treat pain but possess high misuse potential; 

hence it is vital to test the ability of the drug disposal system to deactivate such 

medications to prevent any potential misuse (18). 

U.S.FDA recommends the disposal of unused medication by mixing with 

unpalatable substances such as cat litter or used coffee grounds and to place this mixture 

in a sealed container followed by direct disposal in normal household trash (195). 

Medicines discarded in this manner may end up in the landfill and contaminate 

freshwater resources and promote drug resistance in bacteria (196). FDA also suggests 

flushing of drugs in order to prevent their misuse but this may also result in these 
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medications entering the water system and thereby affecting not only marine life but also 

animal and human life (197). Even though direct excretion of pharmaceutics via human 

waste is considered the primary route by which drugs enter the environment, disposal of 

unwanted medications by flushing into the sewers is also a significant source (198). 

Previous literature monitored 100 organic contaminants in municipal sewage treatment 

plants and found anti-inflammatory and analgesic drugs to be the most commonly 

encountered contaminants (199). It is therefore critically important to dispose such 

unwanted pharmaceuticals safely in order to protect both human life and the 

environment. Take-back programs have the potential to prevent the misuse of leftover 

pharmaceuticals and has been suggested as a straightforward way to prevent pollution. 

However, there are several disadvantages including the restrain on returning controlled 

substances like opioids, scavenging from the disposal location, lack of adequate and 

sustained funding and low percentage of consumer participation. Moreover, the collected 

drugs from take-back programs are disposed by incineration or landfilling which 

contribute to toxic air emissions or potential contamination of groundwater due to aging 

and leakage from the leachate that can last for decades or even centuries. Although the 

FDA has protocols in place for proper disposal to prevent misuse, these disposal 

procedures cannot deactivate the opioids and the drugs can still be extracted to be 

misused (200). 

OxyContin is an extended release (ER) formulation of oxycodone that has 

become a popular drug of abuse (201). 

https://www-sciencedirect-com.proxy-s.mercer.edu/topics/pharmacology-toxicology-and-pharmaceutical-science/time-release-technology
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to make snorting and injection difficult (202). Initial reports suggested that reformulation 

reduced the abuse and diversion of OxyContin (203, 204). Despite the guidelines for 

chronic pain management, availability of many other more suitable opioids, and 

surveillance by government authorities, the prescribing of meperidine for chronic pain 

management remains a concern. Meperidine has been reported to cause more dizziness, 

higher elation, and a greater impairment of the ability to work in comparison to morphine 

resulting in greater addictive/abuse potential. It is referred to as “the doctors’ and nurses’ 

addiction” with 65% of pethidine addicts admitted to a US psychiatric hospital classified 

as health care workers (205). Consequently, it is important to find an efficient way to 

effectively deactivate these prescription opioids of high abuse potential to prevent any 

further misuse. Our research thereby examines the effectiveness and robustness of an 

activated charcoal drug disposal system. Our studies aim at assessing the disposal system 

to deactivate meperidine HCL immediate release opioid and oxycodone extended release 

tablets and further ensure the opioids cannot be released from disposal system into a 

landfill situation. Both the opioids analyzed in our studies as previously notes are 

controlled substances known to be of high abuse potential. Immediate release dosage 

forms as the name implies release drug immediately from the dosage form upon 

administration but controlled release dosage forms contain a coating that dissolves slowly 

to release drug slowly over extended period of time (206). It is important to test the 

efficiency of the disposal system to deactivate drug released by both immediate release 
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and controlled release dosage forms. Especially since controlled dosage forms take time 

to release all of the drug, it is vital to know how long the disposal system takes to 

deactivate all of the drug. The drug disposal system use in the study comprises of a 

sealable outer pouch and an inner water permeable pouch which contains 15 grams of 

proprietary activated carbon which utilizes patented MAT12 ® Molecular Adsorption 

Technology to give significant amount of surface area to insure sufficient adsorption and 

retention properties (207). Deactivation is referred to as inactivation or removing the 

effectiveness of the drug. In our study, this is achieved by adsorption of the 

pharmaceutically active ingredient by activated carbon thereby rendering them inactive 

and unapproachable for misuse. The aim was further extended to demonstrate the 

robustness of drug adsorption by the disposal system via a desorption study. Desorption 

is a phenomenon whereby a substance is released from or through a surface, which in our 

study is referred to the release of drug from the activated carbon disposal system (208). 

The study was designed to simulate a landfill situation where drugs can potentially leach 

out. High performance liquid chromatography (HPLC) methods used to evaluate the 

deactivation of opioids were validated to ensure the methods were suitable for their 

intended use. 

Materials and Methods 

 

Materials 

 

Deterra® Drug Deactivation System were provided by Verde Environmental 

Technologies Inc. (Burnsville, MN).Meperidine hydrochloride and oxycodone 

hydrochloride (active pharmaceutical ingredient) used in this study were purchased from 
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Sigma (St. Louis, MO). Dosage forms used in the study were two bottles (100 tablets in 

each bottle) of OxyContin (10 mg oxycodone controlled release tablets) and two bottles 

(100 tablets in each bottle) of 50 mg Meperidine HCL tablets were provided by Verde 

Environmental Technologies Inc. (Burnsville, MN). Acetonitrile (ACN), potassium di 

hydrogen phosphate and ammonium acetate were obtained from Fisher Scientific 

(Pittsburgh, PA). All other reagents used were of HPLC or American Chemical Society 

(ACS) grade. 

Methods 

 

Images in this document are presented in color. 

 

HPLC quantification 

 

In this study, we analyzed the deactivation efficiency of activated carbon based 

drug disposal system with meperidine immediate release tablets and oxycodone 

controlled release tablets. To accomplish the aim of this study, we require a validated 

quantification method to quantify the amount of drug in the disposal system. HPLC 

analytical method was developed and validated separately for each drug to ensure that the 

analytical method employed was suitable for its intended use. An Alliance waters system, 

photodiode array detector and isocratic reverse-phase HPLC methods were used for the 

quantification of all samples. Oxycodone was analyzed using a Phenomenex, Kinetex 

C18 (5μm, 250 × 4.6mm) column at 40C column temperature with acetonitrile (0.1% 

TFA) and 0.015M potassium di hydrogen phosphate at pH 3.5) in a 40:60% v/v ratio as 

mobile phase. For the quantitative analyses meperidine HCL, the columns used was 
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Kinetex C18 (250×3.5mm, 5μm) set at 40C. Acetonitrile and buffer (0.02M ammonium 

acetate, pH 6.9) in a composition ratio of 35:65 % v/v was used as mobile phase. An 

injection volume of 20 µL at a flow rate of 1 mL/min was detected at an absorption 

wavelength of 225 nm. All standards used for HPLC quantification were prepared in 

deionized water. 

HPLC method validation 

 

Method validation of the two drugs were performed over a 3-day period. The 

specificity of each assay was determined by comparing the chromatograms of the blank 

solution (water) with that of the drug standard solution (drug in water) of varying 

concentrations. Accuracy of the methods was determined for both intra-day and inter-day 

variations using multiple analysis of different concentrations of samples. Precision of the 

methods was determined by repeatability (intra-day), which is performed during the same 

day, and intermediate precision (inter-day) that was assessed by comparing the assays on 

three different days. The acceptance criterion for linearity is that the correlation 

coefficient (r2) should not be less than 0.990. 

Deactivation study for immediate release opioid: meperidine HCL 

 

Ten tablets of 50 mg meperidine HCL were placed into the disposal pouch 

containing 15 grams of activated carbon, followed by the addition of 50 mL warm tap 

water at a temperature of about 43°C. Pouches were then sealed, shaken gently and stored 

in an upright position at room temperature. Samples were withdrawn from the pouch at 8 

h, 1, 2, 4, 7, 14, 21 and 28 days and filtered with a 0.22 μm nylon filter to be analyzed by 
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a previously validated HPLC method. 
 

Deactivation study for controlled release opioid: oxycodone (OxyContin) 

 

Since the composition of controlled release dosage forms is different from 

immediate release dosage form. Controlled release tablets like oxycodone have polymers 

as excipient that swell when immersed in water. This swelling makes it difficult to draw a 

uniform sample from the pouch and filter for HPLC detection. Consequently, the 

deactivation protocol was modified to ensure accurate drug quantification. Similar to 

deactivation test of immediate release tablets, ten oxycodone (OxyContin) controlled 

tablets were placed in the drug disposal pouch followed by the addition of 50 mL warm 

tap water at a temperature of about 43 °C. The pouches were then sealed, shaken gently 

and stored in an upright position. The presence of water caused the controlled release 

tablets to swell, making it hard to draw a uniform sample from the pouch. Hence the 

contents from the pouch at 8 h, 1, 2, 4, 7, 14, 21 and 28 days were decanted (without 

carbon) and diluted to 500 ml with water, followed by rocking overnight on a shaker at 

120 rpm. This made the coating around the tablet to dissolve and allow for a uniform 

sample to be taken. 500 L of this diluted samples were filtered using a 0.22 μm nylon 

filter to be analyzed by a previously validated HPLC method. 

Desorption study for meperidine HCL and oxycodone (OxyContin) 

 

A desorption studies were performed following the deactivation studies, to 

determine the potential of leaching of the drug from activated carbon disposal system. 

For the desorption study of meperidine, the entire content of the 28th day pouch were 
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transferred into a larger container followed by addition of 250 mL distilled water. This 

container was allowed to shake for 1 hour at 150 rpm and stored upright for another 23 

hours (total 24 hours exposure), followed by filtration and HPLC analyzes. The water 

was then replaced with 250 mL 30% ethanol, rocked for 1 hour, and stored for another 23 

hours. Samples were again withdrawn, filtered and analyzed by HPLC. Since 28th day 

pouches were used for the desorption study, by this time the controlled release tablets that 

were swollen by addition of water were completely dissolved by the 28th day. 

Hence the protocol for desorption study for controlled release oxycodone tablets was 

similar to that of meperidine HCl tablets. 

Results and Discussion 

 

HPLC method validation 

 

Method validation provides high degree of assurance and evidence that the 

method employed for the specific purpose is suitable for its intended use (209). 

Considering analytical method validation can provide consistent, reliable and accurate 

results, the HPLC methods used in this study were validated to demonstrate that the 

methods employed can guarantee reliable determination levels of the opioids in the 

samples. The HPLC methods were validated in terms of specificity, linearity, accuracy 

and precision. The analytical methods obtained and modified from literature enabled the 

direct determination of the different drugs without any significant interference. 

Linearity is the ability of the analytical method to elicit results that are directly 

proportional to the concentration of the analyte within a given range (209). 
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Standard curve plots of oxycodone and meperidine over three days were found to be 

linear in the range of 1-100 g/ml and 0.25-100 g/ml respectively, with an r2 ≥ 0.999 as 

shown in Figure 19. and Figure 20. 

Accuracy is the closeness of agreement between the reference value with the 

measured value which is performed at three concentrations within the range (linearity) of 

the method. Precision is the measure of the repeatability of the method under normal 

operation, which represents the closeness of agreement of a series of measurements from 

multiple sampling of a same sample (209). For both the drugs tested, the intra-day and 

inter-day accuracy ranged from a minimum of 94.22 % to a maximum of 111.49 % and 

the precision was within 6.67 % as presented in Table 9. 
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Table 9. Intra-day and inter-day accuracy and precision of HPLC assay for the four 

drugs 
 

Intra-day (n=6) Inter-day (n=3) 

 

 

 
Opioids 

 

 

Referen 

ce value 

(g/mL) 

 

 

 
Mean 

SD 

 

 
Precisio 

n 

(%) 

 

 
Accura 

cy 

(%) 

 

 

 
Mean 

SD 

 

 
Precisio 

n 

(%) 

 

 
Accura 

cy 

(%) 

Oxycodo 

 

-ne 

 
  HCL  

10 11.14± 1.07 111.41 11.15±0 1.47 111.49 

25 27.40± 0.46 109.61 25.87±1 6.40 103.48 

50 49.85± 0.39 99.71 47.11±3 6.66 94.22 

Meperid 

 

-ine 

 
  HCL  

10 10.81± 1.56 108.09 11.25±0 4.71 112.53 

25 25.55± 0.71 102.21 25.62±0 2.20 102.46 

50 54.77± 0.80 109.53 50.36±4 9.17 100.71 
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Figure 19. Linearity of HPLC method for analysis of oxycodone hydrochloride 

 

 
 

 

 

 

 

 

 

 

 

 
 

 

 

 
Figure 20. Linearity of HPLC method for analysis of meperidine hydrochloride 
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Deactivation studies 
 

Deactivation of meperidine and oxycodone with the drug disposal system was 

observed over 28 days. Once the dosage forms were placed into the pouches and water 

was added, adsorption starts almost immediately. In case of OxyContin, all of the drug 

(100%) was adsorbed by the activated carbon system within 4 hours while in case of 

meperidine, it took 28 days to achieve 100 % deactivated by the drug disposal system. 

The deactivation profile of the two opioids are presented in Figure 21. The drug disposal 

system investigated in our study provides a simple and sustainable way to combat these 

problems and comply with the federal regulations at the same time. A key component of 

this disposal system is proprietary activated carbon contained within a pouch, which has a 

very small particle size and a large surface area (210). In many studies, activated carbon 

has been recommended for treating different drug overdose or chemical poisonings in 

emergency situations due to its strong adsorption property (211). Adsorption is a 

phenomenon which occurs when an adsorbate adheres to the surface of an adsorbent, 

such as activated carbon, due to hydrophobic and electrostatic interactions between the 

two (212). Activated carbon is a universal adsorbent, which can inactivate drug 

substances by adherence of an extremely thin layer of the compounds to the surface of 

the carbon by Van Der Waals forces and other stronger bonds. Adsorption efficiency of 

activated carbon is contributed mainly by the presence of micro pores which provides the 

maximum surface area from 500 to 1500 g/m2 and causes sufficient adsorption and 

retention of pharmaceutical compounds. With adsorption, the intermolecular force 
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which connects the carbon and the drug substances may strongly prevent the release of 

the molecules from the carbon and render the drug substances physiologically inactive 

(213). The results from our adsorption studies revealed the robustness of the drug 

disposal system by demonstrating 100 % within 28 days of our study period and with 

greater than 97% deactivation within 8 hours. The minor difference in the deactivation 

profile of the drugs may be due to the variation in HPLC method linearity. As presented 

in the method validation, linearity of the drugs varied from 0.25-100 and 1-100 for 

meperidine and oxycodone respectively. From the range of linearity, it is evident that the 

sensitivity of the HPLC method for meperidine was greater than that for oxycodone and 

this could be the reason we see drug up to 28 days in case of meperidine and no drug 

within 4 hours of deactivation study in case of oxycodone. Furthermore, the 

concentration of meperidine since 10 of the 50 mg tablets were used was higher 

compared to concentration of oxycodone (10 mg tablets) used to deactivate. The higher 

concentration used could be another reason for delayed deactivation of meperidine in 

comparison to oxycodone. The recommended capacity for this disposal system is 15 pills, 

2 ounces of solution or two transdermal patches per pouch. Hence the formulation used to 

test the drug disposal system did not exceed the limit. 
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Figure 21. Deactivation profile of meperidine HCL and oxycodone. 

 

 

Desorption Study 

 

Improper disposal can result in the active pharmaceutical ingredients being 

released into the environment such as landfill leaching that can contaminate freshwater 

resources (194). Desorption study was designed to test the robustness of the drug disposal 

system in retaining the adsorbed pharmaceuticals. The study was carried out with large 

quantities of water and organic solvent under agitation conditions where there is a strong 

likelihood of the drug leaching out of carbon. Large quantity of water mimic a landfill 

situation and organic solvent are known to extract most compound hence the test was 

conducted in presence of both these solvents. In addition, agitation can promote 

extraction. The results of the aqueous washout test demonstrated that the medications 

remained highly adsorbed to the activated carbon and did not result in leaching to cause 



153 
 

 

 

 

contamination of the environment in presence of large volumes of water along with 

agitation. On extraction with alcohol, less than 1.4 % (presented in Table 10.) of the 

drugs leached out of the system indicating that most of the drug has already been 

deactivated by adsorption to activated carbon and the risk of leaking of these drugs from 

landfills is negotiable. The discrepancy in the amount of drug extracted by alcohol 

between the two drugs tested can be related to the HPLC sensitivity as previously 

discussed. 

 

 

Table 10. Desorption study of oxycodone HCl and meperidine HCl in water and ethanol 

Medications % leached in water % leached in ethanol 

Oxycodone Hydrochloride 0.00 0.21 

Meperidine 

 

Hydrochloride 

0.00 1.40 

 

 

Conclusion 

 

The improper disposal of prescription opioids is a major health and environmental 

concern. Despite existing FDA approved disposal protocols and programs there is an 

imperative need for an environmentally safe, convenient and effective drug disposal 

system. The disposal system evaluated in our study furnishes this need by demonstrating 

its efficiency by deactivating and retaining opioids from an immediate release and a 
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controlled release oral dosage form. This system could successfully adsorb or deactivate 

100% of both opioids within 28 days and did not release them when exposed to different 

stress conditions. 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

The central objective of our work was to deliver small molecular weight drugs 

through intact and ablated skin. While transdermal delivery offers numerous advantages, 

the structure of skin limits the dermal delivery of hydrophilic drugs. Established cosmetic 

techniques routinely used in the field of dermatology can ablate the stratum corneum, and 

in doing so allow delivery of hydrophilic drugs that are otherwise limited widening the 

scope of drugs that can be delivered through skin. An FDA approved 1410 nm non- 

ablative fractional laser, maltose microneedles and microdermabrasion treatment were the 

cosmetic techniques evaluated to enhance transdermal delivery of  small molecular 

weight drugs. In vitro transdermal permeation of drugs through laser treated, microneedle 

pretreated and microdermabrasion pretreated and untreated human dermatomed skin were 

analyzed over 24 hours and quantified by high performance liquid chromatography. In 

the study with laser, drug transport through untreated skin resulted in transdermal 

delivery of 72.61 ± 50.35 μg/cm2 and 22.80 ± 0.64 μg/cm2 of diclofenac sodium and 

sumatriptan succinate, respectively. Laser treatment of skin significantly increased 

(p<0.005) delivery of diclofenac sodium to 575.66 ± 207.18 μg/cm2 and sumatriptan 

succinate to 498.32 ± 97.54 μg/cm2. The average cumulative amount of drug transported 

through untreated skin (control) was found to be 6.45 ± 0.17 μg/sq.cm and increased to 

116.08 ± 70.88 μg/sq.cm across microdermabrasion pretreated skin. In the study with 
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microneedle pretreatment, the transdermal delivery of sumatriptan succinate increased 

from 21.16 ± 2.90μg/sq.cm to 512.07 ± 89.76μg/sq.cm in 24 hours. The barrier 

impedance of skin reduced with increased number of passes for moving 

microdermabrasion and with increase in amount of time in case of stationary treatment. 

Visual characterization studies including dye binding, scanning electron microscopy, 

pore permeability index, and histology were used to study the effects of the cosmetic 

techniques over skin. 

Apart from exploring cosmetic techniques to ablate skin for enhancing drug 

delivery, the goal of our research was to develop a transdermal gel formulation and 

matrix type drug-in-adhesive patch of 4-benzylpiperidine. Cocaine dependence is a 

critical public health problem with no FDA-approved pharmacotherapies. Research has 

suggested and demonstrated the efficacy of substitute agonist-based strategies to treat 

cocaine-use disorders. 4-benzylpiperdine is one such substitute agonist that has shown 

promise in the preclinical human-relevant animal models but its short duration of action 

reduces its effectiveness as a substitute agonist. Consequently, the goal of our research 

was to prolong the duration of action of 4-benzylpiperidine by investigating the in vitro 

transdermal delivery across dermatomed human skin and developing a transdermal gel 

formulation. Gels were formulated with varying amount of gelling agent and subjected to 

rheological analysis. Transdermal permeation of 4-benzylpiperidine from propylene 

glycol solution (1, 10, 20 and 50 mg/ml) corresponded to 16% to 31% delivery 

(49.45  11.60, 258.47  48.50, 600.26  74.18, 1945.20  405.59 g/cm2). 
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The average cumulative amount of drug delivered from gel formulation was 1824.90 ± 
 

425.12 µg/cm2. Thixotropic test demonstrated 2% hydroxyl propyl cellulose based gel to 

have the highest structure recovery ratio. The calculated theoretical permeability 

coefficient and theoretical flux value (32.637 ug/cm2/h) predicted high percutaneous 

absorption. This was further validated by the experimentally determined permeability 

coefficients and flux values (62.73 ± 12.14 ug/cm2/h), demonstrating proficient 

transdermal delivery of 4-benzylpiperidine. 

Like cocaine use disorder, attention-deficit/hyperactivity disorder (ADHD) is 

another major public health issue. The prevalence of adult ADHD appears to be much 

higher in individuals with cocaine-use disorder, compared to the general population. 

Similar to the pharmacotherapy of cocaine use disorder, ADHD can also benefit with the 

treatment of substitute agonist such as 4-benzylpiperidine hence our study was extended 

to develop a drug-in-adhesive matrix type patch of 4-benzylpiperidineand evaluate it’s in 

vitro transdermal permeation profile over 48 hours. Among the patches developed, 

polyisobutylene adhesive based patch with higher drug concentration exhibited superior 

transdermal permeation (1608.5  53.4 µg/cm2). The final patch was further tested for 

uniformity in coat weight, shear strength, tack and peel adhesion. 
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While cocaine abuse is major public health problem, this issue of drug abuse goes 

beyond cocaine to an alarming number of people misusing/abusing prescription 

drugs every month. Although the FDA has protocols in place for the proper 

disposal to prevent misuse, these disposal procedures cannot deactivate the 

opioids and the drugs can still be extracted to be misused. Our research analyzed 

the deactivation efficiency and robustness of an activated carbon disposal system 

employing an immediate release and controlled release opioid drug dosage forms 

of high abuse potential. At the end of the 28-day study, 100 % of both the drugs 

were efficiently deactivated and no drug leached out from the disposal system in 

presence of larger volume of water and less than 1.4 % leached out on extraction 

with ethanol. Hence our study furnishes the need of an efficient disposal system 

that can deactivate and retain opioids to prevent their further abuse. 
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A.R. Occurrence and persistence of organic emerging contaminants and priority 

pollutants in five sewage treatment plants of Spain: two years pilot survey 

monitoring. Environmental Pollution (Barking, Essex: 1987). 2012; 164: 267–273. 

 
 

200. Disposal of Unused Medicines: What You Should Know [internet]. [Cited on 2017 

July 24]. Available from: 

https://www.fda.gov/drugs/resourcesforyou/consumers/buyingusingmedicinesafely/ 

ensuringsafeuseofmedicine/safedisposalofmedicines/ucm186187.html. 

 
 

201. Jayawant S.S, Balkrishnan R. The controversy surrounding OxyContin abuse: 

issues and solutions. Therapeutics and Clinical Risk Management. 2005;1(2):77-82. 

 
 

202. Lyford J. Reformulated OxyContin reduces abuse but many addicts have switched 

to heroin. Pharmaceutical journal. [internet]. [cited on 2015 march 16]. Available 

from : https://www.pharmaceutical-journal.com/news-and-analysis/reformulated- 

oxycontin-reduces-abuse-but-many-addicts-have-switched-to- 

heroin/20068119.article?firstPass=false 9 (acessed on 2017 july 16). 

 
 

203. Severston G.S, Ellis M.S, Kurtz S.P, Rosenblum A.C, Theodore J, Parrino M. W, 

Gilbert M.K, Buttram M.E, Dasgupta N, BucherBartelson B, Green J.L, Dart R.C. 

Sustained reduction of diversion and abuse after introduction of an abuse deterrent 

formulation of extended release oxycodone. Drug and alcohol dependence. 2016; 

168: 219-229. 

http://www.fda.gov/Drugs/ResourcesForYou/Consumers/BuyingUsingMedicineSaf
http://www.fda.gov/Drugs/ResourcesForYou/Consumers/BuyingUsingMedicineSaf
http://www.fda.gov/drugs/resourcesforyou/consumers/buyingusingmedicinesafely/
http://www.pharmaceutical-journal.com/news-and-analysis/reformulated-


185 
 

 

 

 

 

204. McNaughton, Butler S.F, Budman S.H. Patterns of internet discussion associated 

with the release of abuse-deterrent formulations of prescription opioids.Drug and 

Alcohol Dependence. 2014; 140:142. 

 
 

205. Clubb B, Loveday W, Ballantyne S. Meperidine: A Continuing Problem. Substance 

Abuse: Research and Treatment. 2013;7:127-129. 

 
 

206. Extended release versus immediate release. Bipolar1blog. [Internet]. [cited on 2014 

December 13]. Available from: https://bipolar1blog.com/2014/12/31/extended- 

release-vs-immediate-release/ 

 
 

207. MedsawayTM system deactivation of unused drugs: comparison between 
Medsaway ingredients and others recommended in federal and SmartRx 
disposal guidelines [Internet].2012 [cited 2016 Nov 22]; Available from: 
http://deterrasystem.com/wp-content/uploads/2015/05/Fowler-White- 
Paper-10-8-12.pdf 

 

208. Dubinin MM. Fundamentals of the theory of adsorption in micropores of carbon 

adsorbents: Characteristics of their adsorption properties and microporous 

structures. Carbon. 1989 Jan 1;27(3):457–67. 

 
 

209. What’s the difference between absorption and adsorption and sorption 
[Internet]. [cited 2016 Oct 21]; Available from: 
https://interdry.wordpress.com/2010/09/22/what-the-difference-between- 
absorption-and-adsorption-and-sorption/ 

 

210. INDUSTRY ISSUES: Pharmaceutical Factories as a Source of Drugs in Water 

[Internet]. [cited 2016 Dec 26]. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2944108/ 

 
 

211.  Song Y, Manian M, Fowler W, Korey A, Banga A.K. Activated Carbon-Based 

System for the Disposal of Psychoactive Medications. Pharmaceutics. 2016;8(4). 

http://deterrasystem.com/wp-content/uploads/2015/05/Fowler-White-Paper-10-8-12.pdf
http://deterrasystem.com/wp-content/uploads/2015/05/Fowler-White-Paper-10-8-12.pdf
http://deterrasystem.com/wp-content/uploads/2015/05/Fowler-White-Paper-10-8-12.pdf
http://deterrasystem.com/wp-content/uploads/2015/05/Fowler-White-Paper-10-8-12.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2944108/


186 
 

 

 

 

 

212. Editors of encyclopaedia of brintannica. Adsorption [Internet] [cited on 2013] 

August 6 ]. Available from: https://www.britannica.com/science/adsorption 

 
 

213. Dubinin M.M. Fundamentals of the theory of adsorption in micropores of carbon 

adsorbents: Characteristics of their adsorption properties and microporous 

structures. Carbon. 1989; 27(3): 457–67. 

http://www.britannica.com/science/adsorption


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

187 



 

 

188 

A B C D A B B Average 
resistance 

C B A A B Concentration 
(µg/ml) 
120 100 80 60 40 20 y 

= 

1

3

3

1

.

6

x 

- 

1

7

1

.

4

2 

R

² 

= 

0

.

9

9

7

3 

 
0 

y = 1445.1x - 

1998.1 

R² = 

0.9905 

y = 1459.5x + 

3027.9 

R² = 

0.9986 

Oxycodone 
HPLC 
validation 

160000 

140000 

120000 

100000 

80000 

60000 

40000 

20000 

0 

0
 2

0
 4

0
 6

0
 8

0
 1

00
 12

0 

C

o

n

c

e

n

t

r

a

t

i

o

n 

(

µ

g

/

m

l

) 

y = 8291x + 

15834 R² 

= 0.9956 

y = 12231x - 

875.64 R² 

= 0.9979 

y = 9426.7x 
+ 7186.4 

R² = 0.9969 

1400000 

1200000 

1000000 

800000 

600000 

400000 

200000 

0 

Meperidine 
HPLC 
validation 

Area Area % Opiods 

adsorbed 

120.00 

100.00 

80.00 

60.00 

40.00 

20.00 

0.00 

0 5 10 15 

Time 
(days) 

20 25 30 % Reacted 


